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e  impact  of  the  use  of  high/medium  temperature  supereonduetors  for  applications  to  generators  wa 
^estigated  in  an  all-superconducting  machine.  Supereonduetor  armature  windings  in  eleetrical 
ichines  bring  many  design  ehallenges  that  need  to  be  addressed  en  route  to  becoming  a  potentially 
ible  solution  for  a  modem  rotating  equipment.  Foremost  amongst  the  challenges  are  the  eryogenie 
vironment  and  the  need  to  address  the  exeessive  ac  losses.  We  used  an  integrated  design  to 
^estigate  the  major  teehnologieal  issues  that  must  be  simultaneously  satisfied  for  successful 
plementation  of  a  robust,  high  power  density,  high  efficieney  supereondueting  generator.  Thus,  fc 
ample,  the  interaetion  between  the  superconducting  cable  design,  ae  losses  in  the  SC,  cable 
rrent/voltage/insulation,  and  cooling  will  be  integrated  in  models  were  used  to  evaluate  the  “sweef 
ats  with  regard  to  overall  system  eonfiguration. 

e  purpose  of  this  program  was  not  to  design  a  specifie  maehine,  but  rather  to  investigate  through 
item  design,  modeling  and  eomponent  tests  the  issues  eonfronting  SC  generators.  These  issues 
mpromise  the  conductor  selection,  superconductor  and  cable  performanee,  cryostat  configuration 
d  cooling  choice,  eable  support  and  superconductor  strains  and  stresses,  and  eable 
;ulation/breakdown/partial  diseharge.  The  last  issues  are  particularly  relevant  to  the  armature,  as  th 
losses  in  the  SC  require  intimate  eontact  with  a  eoolant  (for  example,  gaseous  helium),  whieh  has 
her  poor  dielectric  strength.  During  the  first  phase  of  the  program,  we  plan  to  build  models  to 
^estigate  several  configurations  of  the  generator  and  determine  the  sensitivity  of  performanee  to  ke 
sign  system  parameters.  We  evaluated  the  eryogenie  loads,  the  eleetrical  efficiency,  generator 
que  and  power,  and  the  impact  on  the  weight,  size  and  signature  of  the  generator. 

;  have  focused  during  this  phase  on  the  design,  modeling  and  evaluations  of  multiple  generator 
signs.  The  issues  described  above  were  investigated,  to  highlight  potential  obstacles  to 
plementation.  We  used  a  wound-field  synchronous  generator  design  suecessfully  tested  by  TWMi 
•  evaluation  of  the  technologies  proposed  in  the  program.  The  maehine  is  designed  for  operation  a 
wer  frequency  of  1 17  Hz,  which  should  help  address  the  issues  of  ac  losses.  Based  on  their  design 
d  manufaeturing  database,  TWMC  has  codes  which  permit  this  design  to  be  parametrically  scaled 
emate  operating  eonditions,  for  example  to  investigate  higher  speed  operation.  The  use  of 
rametrie  sealing  relations  faeilitates  the  development  of  a  road  map  that  would  result  in  a  fast,  low 
5t  route  to  system  optimization.  The  system  code  was  developed  through  a  collaboration  between 
T  (PSFC/EE),  TWMC,  Dr.  Philippe  Masson  of  the  University  of  Houston  and  Dr.  Swam  Kalsi. 
e  objective  funetions  were  weight,  size,  effieieney  and/or  eost. 

e  system  eode  was  ealibrated  with  a  Navy  generator.  The  rated  parameters  of  the  baseline  machin 
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arc  14  MW,  7000  rpm,  synchronous  generator  built  for  a  turbine  generator  application.  Although  we 
will  use  a  speeific  generator  built  and  tested  by  TWMC  as  a  baseline  design  for  this  investigation,  th^ 
aparoach  will  remain  applicable  to  a  broad  spectrum  of  machines.  Cryostat  topologies,  operating 
temperature  and  eoolant  ehoiee,  superconduetor  type  and  cable  design  was  modeled,  included  in  the 
system  code  and  investigated  parametrieally  to  develop  a  road  map  that  would  result  in  a  fast,  low  co|st 
route  to  implementation. 

Once  the  low-hanging  fruits  was  identified,  and  the  critieal  items  identified,  limited  testing  took  plact 
mostly  in  the  second  year  of  this  program.  Supereonductors  and  cables,  cryogenics,  cooling  fluids,  ac 
losses  in  small  calorimeters  at  MIT  was  evaluated  experimentally,  both  in  order  to  benchmark  the 
codes  as  well  as  to  provide  insight  in  potential  issues  with  the  technology  being  investigated. 
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XECUTIVE  SUMMARY 


Th 


e  use  of  superconducting  motors  for  armatures  of  rotating  machinery,  and  in  particular,  generator, 
chhllenging.  The  challenges  are  due  to  the  AC  losses  in  the  superconductor,  which  requires 
nhisticated  coolant  topologies  and  require  refrigerators,  with  their  inefficiency,  size/weight  and 
iability  issues.  In  addition,  the  shapes  of  the  coils  are  complex,  and  impose  manufacturability  issu^ 
shecially  for  MgB2. 
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W ;  built  a  team  that  included  experts  in  superconductivity,  cryogenics,  rotating  machinery,  and 
manufacturing. 


W 

Th 
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j  have  performed  an  investigation  of  the  issues,  quantified  them,  and  proposed  potential  solutions, 
is  report  describes  design  approach,  assumptions  and  results  for  a  wide  range  of  machines.  It  shou 
noted  that  these  designs  are  essentially  first  pass  and  are  not  optimum  in  any  sense. 


Ini  tially  we  did  a  broad  exploration  of  generator  topologies,  to  see  how  they  compare  with  respect  to 
some  metrics  (size,  weight,  efficiency,  manufacturability).  We  have  then  addressed  some  of  the 
obstacles  that  were  identified  in  the  broad  study,  quantifying  the  issues  and  proposing  potential 
solutions.  We  have  then  reoptimized  the  most  promising  approaches. 

Topology  considerations 


W 


investigated  he  following  topologies 

•  salient  pole 

•  iron  teeth  and  no-iron 

•  axial  flux  machines 

•  with  back-iron  and  without  (eddy  current  shields) 

•  SuperSat 

•  switch  reluctance  generators 

•  AC  Homopolar 

•  Toroidal  (Gramme  ring)  generators 


W 

off 


rai 

ai 


built  simple  2D  physics-based  models  for  the  different  topologies  and  did  self-consistent  analysis 
he  different  configuration.  We  compared  the  results  with  the  baseline  and  looked  at  the  options  a 
.l|ed  the  machines.  Because  of  the  AC  losses,  it  was  clear  that  a  small  number  of  poles  (in  a  SC 
ature)  was  attractive. 


nd 


nn 


W ;  then  investigated  the  issues  of  the  machines,  described  in  the  following. 

In  ’estigation  of  local  field  modification  to  control  ac  losses 

W;  investigate  both  the  use  of  both  magnetic  shiedling  and  electrical  shielding  materials  for 
minimization  of  the  AC  losses.  In  the  case  of  YBCO,  we  tried  to  both  reduce  the  magnetic  field,  and 
also  make  it  parallel  to  the  tapes,  to  minimize  the  losses  in  the  superconductor. 


W ;  found  that  the  magnetic  field  was  only  partially  successful  for  changing  the  field  direction  next  to 
the  tapes.  Iron  teeth  decreased  the  field  at  the  superconductor,  but  placing  magnetic  material  with  th(; 
so  e  purpose  of  aligning  the  field  with  the  tapes  was  of  limited  value.  In  addition,  this  approach  does 
not  work  with  the  self  field. 

Th  e  electrical  shielding  (by  placing  conductor  paths  to  reduce  or  eliminate  the  external  magnetic  fiel(i 
was  also  of  limited  value.  It  was  possible  to  shield  the  field,  but  with  substantial  AC  losses  in  the 
conducting  shield.  The  conducting  shield  can  be  at  room  temperature.  Even  then,  the  losses  were 
su  bstantial  to  impact  the  efficiency  of  the  generator  (~1%)  and  were  high,  making  them  difficult  to 
remove.  For  the  generator  that  met  the  NAVY  requirements,  the  losses  were  over  1000  W/m. 

Cryogenic  design 

W ;  investigated  generator  topologies  to  avoid  the  need  for  a  rotating  seal.  Although  the  geometry  of 
the  cryostat  was  substantially  simplified,  the  prime  mover  would  have  to  transmit  the  forces  through 
dielectric  cryostat. 


W 

po 

M 


;  also  developed  models  for  the  cryogenic  system  (size,  cost  and  weight,  as  a  function  of  cooling 
wer  and  temperature).  We  also  developed  means  for  direct  cooling  of  the  superconductor  (for 
gB2)  and  indirect  cooling  of  YBCO,  using  helium  gas. 


fodeling  of  generators 

W ;  built  2D  models  for  the  generators.  We  used  that  model  when  coparing  the  different  generator 
tojiologies  and  superconductor  type  (MgB2,  Bi2212  and  YBCO).  The  model  calculated  self- 
consistently  the  AC  losses.  We  looked  at  the  cable  manufacturing.  For  MgB2  we  developed  a  Cable 
in  Conduit  Conductor  (CICC),  and  for  YBCO  we  considered  stacked  and  Roebel  cables.  We  looked ; 
the  manufacturability  of  the  coils,  in  particular  due  to  the  strain  sensitivity  of  reacted  MGB2  strands. 

Bi2212  does  not  offer  substantially  advantages  over  MgB2,  and  we  did  not  investigate  it  as  thoroughl) 
as  MgB2  or  YBCO. 


W 

35 

ad 
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;  looked  at  operating  temperature  of  the  coolant.  (2 OK,  with  liquid  hydrogen  and  gaseous  helium, 
K  and  50  K  with  gaseous  helium,  and  65  K,  with  liquid  nitrogen  and  gaseous  helium.  20  K  was 
equate  for  MgB2,  and  35  -  50  K  was  optimal  for  YBCO,  due  to  the  improved  performance  of  the 


Wb  also  looked  at  the  impact  of  some  of  the  designs  for  minimization  of  the  electromagnetic  signatui  e 
Wb  developed  electrically  conducting  shields  with  low  loss  using  Litz  wire  approaches. 

Cc  ’ble  designs 


Cable  manufacturing  using  HTS  is  in  early  stages.  For  YBCO,  stacked  cables,  partially  aligned  with 
the  predominant  magnetic  field,  twisted  at  the  end,  was  chosen.  CORC  required  substantially  higher 
su oerconductor  (both  because  of  the  helical  winding  pattern  of  the  tapes,  as  well  because  the  tapes  see 


all 


the  magnetic  field,  as  it  is  not  possible  to  align  the  tapes  with  the  predominant  magnetic  field. 


For  MgB2  cables,  we  investigated  Cable-in-conduit  conductor  (CICC).  The  strands  were  placed  in  a 
gaa  between  two  tubes,  with  the  coolant  flowing  through  the  inner  tube.  In  order  to  immobilize  the 
strands  of  the  cable  (there  will  be  large  Lorenz  forces  in  the  superconductor  cables)  we  investigate  th 
use  of  a  frozen  filler.  Because  of  the  nature  of  the  winding  (2  stages  of  cabling),  we  settled  for  wind 
and  react. 

W;  tested  the  cables  by  building  one  with  18  triplets,  as  part  of  component  verification/testing.  We 
also  measured  the  AC  losses  in  the  triplets,  using  HyperTech  low- loss,  small  filaments  strands  (15 
microns).  The  strands  provided  by  Hypertech  has  small  diameter  (0.3  mm),  resulting  in  low  current 
per  strand.  Losses  in  strands  substantially  higher  than  expected,  due  probably  to  highly  conducting  fllh 
sheath  around  the  MgB2  filaments  (the  measured  losses  were  coupling  or  eddy  current  losses),  with 
sniall  hysteresis  losses.  Improved  manufacturing  may  reduce  the  AC  losses  further. 

Cryostat  designs 

W ;  developed  concepts  with  and  without  rotating  cryogenic  couplers,  with  non-sliding  seals.  In  order 
to  transmit  the  torque  from  the  prime  mover,  we  needed  to  transfer  the  load  across  the  cryostat.  We 
analyzed  magnetic  couplers,  which  turned  out  to  be  feasible  but  large/heavy. 

One  of  the  motivations  of  investigating  the  switch  reluctance  and  AC  homopolar  topologies  was  that 
there  were  no  rotating  seals.  The  SC  armature  and  rotor  are  stationary.  However,  the  frequency  of 
operation  had  to  increase,  resulting  in  higher  AC  losses  (in  the  armature). 


System  optimization 


A^ter  performing  the  analysis,  we  used  the  codes  to  optimize  a  generator.  We  used  two  topologies, 
lent  pole  and  the  gramme  ring  (toroidal  stator).  The  results  indicated  that  the  approach  may  be 
attjractive  for  NAVY  applications.  However,  the  costs  of  superconductor  (about  300k$,  at  2016  YBC 
ces)  and  the  cost/size  of  the  cryocoolers  (about  500k$)  makes  the  implementation  of  these  concepi  :; 
challenging. 
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Further  weight  reduction  could  be  obtained  by  using  a  toroidal  stator  concept  with  a  resistive  shield, 
without  back  iron.  Most  of  the  weight  of  the  machine  is  in  the  backiron. 

For  machines  with  a  superconducting  rotor,  both  MgB2  and  YBCO  offer  potentially  attractive  designs 

Fo|r  MgB2: 

AC  Losses 

•  MgB2  cable  ~500-2000  kW  @  20  K 

o  10  micron  fil.,  1cm  twist  pitch,  le-6  Wm  matrix  res. 
o  Efficiency  >  99%  (COP  -  90  W/W) 

•  Specific  torque 

o  3-5  Nm/kg  is  over  5  times  better  than  conventional  machines  in  this  power/speed  range 


Fdr  YBCO: 

AC  Losses 

3  mm  wide  tapes  would  lead  to  ~3-5  kW  @  50  K 
Efficiency  >99  %  (COP  -  20  W/W) 

Specific  torque 

3-5  Nm/kg  is  over  5  times  better  than  conventional  machines  in  this  power/speed  range 

Ndite  that  the  specific  torque  for  conventional  PM  water  cooled  generators  is  ~  0.6  Nm/kg.  Gramme 
stator  configuration  could  potentially  be  a  viable  option  for  MgB2  and  YBCO 

Th  e  following  conclusions  are  from  the  investigation  of  the  machines  that  do  not  have  superconductc 
in  |the  rotor  are: 

'  SRM  generators  is  determined  to  be  too  heavy,  large  and  inefficient  and  does  not  satisfy  ONR 
requirements 

'  ACHP  with  copper  armature  and  MgB2  field  winding  meets  all  ONR  requirements;  its  mass  exceeds  the 
ONR  requirement  merely  by  700  kg. 

'  ACHP  with  MgB2  windings  meets  all  requirements  except  the  mass,  which  is  1,800  kg  more  than  the 
requirement.  The  machine  alone  is  7,700  kg  but  the  system  mass  exceeds  the  ONR  requirements  du^ 
to  the  mass  of  cooling  system. 

'  Only  the  ACHP  with  ReBCO  windings  met  all  requirements. 

Technology  Gaps 

Means  of  reducing  further  the  AC  losses  in  both  YBCO  and  MgB2  would  improve  the  performance  (bf 
all  machines.  There  are  substantial  programs  for  addressing  this  need.  Some  of  this  work  (such  as  tl  i 
strliation  of  the  YBCO  tapes  and  the  high  resistance  matrix  for  MgB2)  should  be  encouraged. 

Th  ere  is  a  need  to  develop  means  to  remove  the  relative  large  AC  losses  in  the  armature  winding 
superconductor.  Different  superconductor  may  require  different  means,  either  direct  or  indirect 
cooling. 

Re  frigerators  also  need  to  improve.  Conventional  refrigerators  have  shown  relatively  slow  progress, 

Tv  rboBrayton  refrigerators  offer  the  potential  for  efficiency,  compact  and  light  weight  approaches. 
There  should  be  continued  development  of  components  and  systems  for  this  type  of  refrigerator. 

Th  ere  is  need  for  improving  and/or  demonstration  the  manufacture  of  the  assembly,  from  initial 
cabling  to  coil  winding.  MgB2,  in  particular,  is  very  sensitive  to  strain  after  reacting,  but  it  may  be 
nepessary  to  finish  the  winding  process  after  heat  treatment. 
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ijiench  detection  is  critical.  We  tried  to  develop  mean  for  detecting  the  generation  of  a  normal  zone 
cause  of  the  high  thermal  capacity,  normal  zone  propagation  is  slow,  and  the  resulting  voltages  are 
all.  Coupled  with  a  very  noisy  environment  makes  quench  detection  critical. 


All  key  parameters  for  MgB2  and  ReBCO  machines  are  a  strong  function  of  superconductor 


1 ,  Baseline  Design  and  Objectives 

W ;  started  by  investigated  conventional  approaches  with  radial  flux  machines.  We  are  comparing  with 
a  baseline  that  the  NAVY  uses,  and  is  in  the  Philadelphia  Navy  Yard.  The  machine  parameters  are  14 
MW,  operating  at  7000  rpm  and  weighing  about  18  tones.  The  torque  of  the  machine  is  20  kNm. 
Figure  1.1  shows  the  baseline  machine.  [Calfo] 
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Figure  1.1  Baseline  machine  design 


Th  e  impact  of  the  use  of  high/medium  temperature  superconductors  for  applications  to  the  armature 
winding  of  generators  has  been  investigated  in  an  all-superconducting  machine.  Superconductor 
annature  windings  in  electrical  machines  bring  many  design  challenges  that  need  to  be  addressed  en 
route  to  becoming  a  potentially  viable  solution  for  a  modem  rotating  equipment.  Foremost  amongst  t|he 
challenges  are  the  cryogenic  environment  and  the  need  to  address  the  excessive  ac  losses.  We  have 
used  an  integrated  design  to  investigate  the  major  technological  issues  that  must  be  simultaneously 
sal  isfied  for  successful  implementation  of  a  robust,  high  power  density,  high  efficiency 
su  aerconducting  generator.  Thus,  for  example,  the  interaction  between  the  superconducting  cable 
design,  ac  losses  in  the  SC,  cable  current/voltage/insulation,  and  cooling  will  be  integrated  in  models 
that  will  be  used  to  evaluate  the  “sweet”  spots  with  regard  to  overall  system  configuration. 


Th  e  purpose  of  this  program  was  not  to  design  a  specific  machine,  but  rather  to  investigate  through 
system  design,  modeling  and  component  tests  the  issues  confronting  SC  generators.  These  issues 
compromise  the  conductor  selection,  superconductor  and  cable  performance,  cryostat  configuration 
and  cooling  choice,  cable  support  and  superconductor  strains  and  stresses,  and  cable 
insulation/breakdown/partial  discharge.  The  last  issues  are  particularly  relevant  to  the  armature,  as  th 
ac  losses  in  the  SC  require  intimate  contact  with  a  coolant  (for  example,  gaseous  helium),  which  has 
rather  poor  dielectric  strength.  We  built  models  of  several  generator  configurations.  We  evaluated  thji 
crmgenic  loads,  the  electrical  efficiency,  generator  torque  and  power,  and  see  the  impact  on  the 
weight,  size  and  signature  of  the  generator. 


2  Generator  topoeogies  for  fueey  superconducting 

MACHINES 

W ;  have  investigated  several  topologies  to  generate  the  data  needed  for  the  rest  of  the  program.  We 
have  investigated  radial  and  axial  machines,  the  number  of  poles.  In  particular,  we  have  investigated 
the  radial  machine  with  toroidal  stators  (Gramme  ring),  the  switch  reluctance  and  AC  homopolar 
to])ologies. 

We  have  looked  at  two  specific  topologies  that  do  not  require  cryogenic  coupling.  Key  objective  of 
this  part  of  the  effort  is  to  investigate  concepts  requiring  no  superconducting  windings  on  the  rotor  in 
order  to  avoid  difficulties  with  coolant  transfer  to  high  speed  rotor.  Two  general  concepts,  with 
potential  for  meeting  these  objectives  were  selected;  Switched  Reluctance  Machine  (SRM)  and  AC 
Homopolar  (ACHP).  The  cryostats  in  these  machines  are  stationary,  substantially  decreasing  the 
complexity  of  the  machine. 
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1  Radial  flux  machines 

r  comparison  purposes  we  assume  a  MGB2  stator.  We  have  also  investigated  YBCO  and  BI2212 
scribed  below).  We  are  using  filaments  that  are  30  microns,  although  we  will  present  further  dow 
iults  with  machines  with  10  micron  filaments,  being  developed  by  HyperTech  under  both  Navy  an 
i^SA  funding.  We  have  actually  tested  the  performance  of  HyperTech  strands,  triplets  and  cables, 
cribed  in  Section  7) 
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Fij^ure  2.1  Mass  and  no-load  magnetic  field  as  a  function  of  the  periodicity  of  the  machine. 

W  2  assume  that  the  refrigerator  has  an  efficiency  of  20%  of  Carnot,  and  the  superconductor  is  at  20 
Th  e  fraction  of  critical  of  the  current  at  field  and  temperature  is  40%.  The  machine  goal  is  98% 
efliciency,  including  the  AC  loads,  the  cryocooler  power  requirement  to  remove  the  cryogenic  loads 
(which  include  current  leads,  radiation  and  convection  losses  in  the  cryostats). 

W 2  have  determined  that  the  optimal  performance  is  achieved  with  2-pole  machines.  Operating  with 
increased  number  of  poles  increases  slightly  the  total  weight  (including  the  refrigerator),  but  decreas(j: 
th(j  magnetic  field..  Figure  2.1  shows  the  tradeoffs,  where  p  in  the  half  the  number  of  poles. 

The  weight  of  the  machine  is  dominated  by  the  iron.  For  the  machine  with  p=l  in  Figure  2.1,  the 


su  Derconductor  weight  is  about  1/5  the  weight  of  the  iron.  Thus,  if  we  eould  eliminate  the  iron,  it  me  y 
be  possible  to  substantially  reduee  the  weight  of  the  system. 

Figure  2.2  shows  a  direet  eomparison  between  an  iron  based  maehine  and  a  resistive  shield  maehine  [in 
se<dion  3  we  describe  means  of  implements  resistive,  image-current  shields).  Unfortunately,  the  flux 
lines  are  much  more  perpendicular  to  stator  winding  with  magnetic  shield  (resulting  in  better  use  of  tie 
field  made  by  the  rotor),  and  as  a  consequence,  the  torque  is  reduced  and  more  radial  forces  are  applied 
on|  stator  winding. 


Fi 


jure  2.2  Comparison  between  iron-shield  (left)  and  resistive  shield  (right). 


Fijjure  2.3  Comparison  between  back-iron  machine  (top)  and  resistive  shield  (Bottom). 

Fijjure  2.3  shows  the  loads  resulting  in  the  winding  for  the  two  configurations.  The  loads  for  the 
resistive  machine  as  much  or  radially  (radial  loads  do  not  result  in  useful  torque).  In  comparison,  the 
machine  with  the  back-iron  shows  loads  that  are  mostly  azimuthal.  It  is  desirable  to  hae  the  flux  lines 
cross  the  stator  winding  as  radially  as  possible.  The  less  efficient  use  of  the  available  flux,  and  the 


increased  amperage  of  the  rotor  winding  because  of  increased  reluctance  of  the  machine,  is  a 
consequence  of  the  removal  of  the  iron  from  the  stator  winding  (which  is  a  result  of  the  desire  to 
decrease  the  machine  weight). 

W ;  have  made  a  comparison  between  six  configurations,  for  machines  with  20  kNm  and  2  layer  statij): 
winding.  The  machines  considered  are: 

'  Iron  shield 

o  Iron  teeth 
o  No  iron  teeth 


•  Resistive  shield 

o  Single  rotor  winding 

■  Iron  teeth 

■  No  iron  teeth 
o  Double  rotor  winding 

■  Iron  teeth 

■  No  iron  teeth 


Th  e  results  are  illustrated  in  Figures  2.4-3. 9.  The  removal  of  the  back-iron  makes  the  field  go  in  the 
az  muthal  direction,  decreasing  the  efficiency  of  the  coupling  to  the  stator,  as  indicated  above.  Placii|i: 
ire  n  teeth  in  the  case  of  resistive  shield  further  exacerbates  the  problem  with  the  field  being  “shorted 
out”  by  the  iron  teeth. 
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^ure  2.4.  Flux  density  for  a  design  with  iron  shield  and  iron  teeth. 
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jure  2.5.  Flux  density  for  a  design  with  iron  shield  and  no  iron  teeth. 
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jure  2.6.  Flux  density  for  a  design  with  resistive  shield  and  iron  teeth. 
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Fijjure  2.7.  Flux  density  for  a  design  with  resistive  shield  and  no  iron  teeth. 
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Figure  2.8.  Flux  density  for  a  design  with  double  rotor,  resistive  shield  and  iron  teeth. 
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Fiture  2.9.  Flux  density  for  a  design  with  double  rotor,  resistive  shield  and  no  iron  teeth. 

Table  2. 1  shows  a  summary  of  the  eomparison  between  these  6  radial  flux  maehines.  Mass  eomprise^ 
only  the  active  material  over  the  active  length  and  it  shown  only  for  comparison  purpose.  It  is  not 
how  the  optimal  machine  can  be  derived.  The  loses  are  high,  as  a  consequence  of  using  the  large 
diameter  filaments,  but  the  table  is  mostly  to  compare,  relatively,  the  advantages  of  the  machines, 
lighter  machine  is  the  single  rotor  machine,  without  iron  teeth,  but  this  results  in  substantially  higher 
A(^  losses  than  the  some  of  the  other  designs.  The  machine  with  the  highest  AC  losses  is  the  one  wil|h 
ba:kiron  and  teeth,  which  is  somewhat  surprising.  This  machine  design  basically  replaces  the 
conventional  stator  conductor  winding  with  superconductor. 

Wb  tried  to  investigate  the  double  rotor  as  a  means  to  increase  the  directionality  of  the  field,  making  tt 
ial  in  the  region  of  the  stator  (which  is  between  the  double  rotor.  The  lighter  machine  is  the  double 
or  without  teeth. 

e  machine  with  the  lowest  losses  is  the  design  with  a  single  rotor,  iron  shield,  but  no  iron  teeth.  In 
thils  case,  the  AC  losses  are  about  3  kW. 
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Fijjure  2.10  Mass  (relative)  and  AC  loss  (relative)  for  the  six  superconducting  stator  configurations. 

2.2  Rapid  scanning  of  configuration. 

Be  cause  of  the  large  wide  space  to  be  investigated,  we  have  used  an  approach  where  the  parameters  (tf 
the  designs  are  changed  over  a  given  range,  and  the  designs,  if  feasible,  are  compared. 

W ;  have  used  the  approach  with  radial  flux  machines.  6  machines  are  considered:  the  HTS 
conventional  machine  (with  HTS  rotor  only),  machines  with  HTS  stators  (but  with  two  filling  fractio 
0.25  and  0.5),  a  machine  with  a  cold  iron  shield,  and  a  machine  with  no  backiron.  The  results  are 
shown  in  Figure  2.11.  The  weight  of  the  machines  as  a  function  of  the  amount  of  conductor  required 
indicate  that  there  is  a  tradeoff  between  machine  weight  and  amount  of  HTS.  The  lighter  machine 
corresponds  to  that  with  no  backiron.  We  have  yet  to  reproduce  the  results  of  the  no-backiron  case 
with  the  more  detailed  model. 

Fij^ure  2. 12  shows  a  comparison  of  the  weights  and  the  corresponding  refrigerator  to  remove  the  AC 
losses.  The  figure  indicates  that  machines  with  superconducting  stators  may  be  marginally  better  thaili 
H”S  designs  with  conventional  stator,  but  may  be  dominated  by  the  weight  of  the  cryocooler  at  20  K  , 
Cc  nventional  refrigerators  are  used  (using  the  models  described  in  section  9).  Lighter  refrigerators 
could  have  a  large  impact  on  the  results,  as  indicated  in  section  9.  In  particular,  highly  efficiency, 
lightweight  Reverse  Turbo  Brayton  systems  look  highly  attractive  and  would  profoundly  change  the 
conclusions  derived  from  Figure  2.12 
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jure  2.1 1.  Optimization  runs  showing  HTS  baseline  ease  and  showed  pathway  to  lower  weight  eas 
SC  stators. 
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Generator  Design  Topologies 

Fiijure  2.12.  Weights  of  the  generator  and  the  refrigerators  for  the  different  topologies  included  in 
Figure  2.11. 

2J3  Axial  flux  machines 

W 2  have  investigated  axial  flux  machines.  They  tend  to  be  more  compact  that  radial  flux  machines, 
compared  to  radial  flux  machines.  The  coil  geometry  is  also  a  lot  simpler  than  conventional  stator 


indings,  as  described  in  section  5.  The  windings  can  be  in  the  form  of  deformed  racetrack  forms, 
either  simple  common  cryostats  or  individual  cryostat  around  each  winding, 
jure  2. 13  shows  a  conceptual  design  of  an  axial  flux  machine.  The  figure  illustrates  one  with  one 
or  and  two  stator  windings.  The  coil  windings  are  in  “pancake”  type  designs.  For  the  Navy 
ijilications,  the  size  limitations  are  more  severe  in  the  axial  direction,  rather  than  in  the  diameter.  T|he 
son  is  that  the  prime  mover  is  a  turbine  that  is  of  diameter  substantially  larger  than  the  generator, 
the  generator  is  in  the  “shade”  of  the  prime  mover.  However,  the  axial  direction  extend  the  pow(^ 
system  size,  and  thus,  limiting  the  length  of  the  generator  substantially  decreases  the  footprint  of  the 
system 
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jure  2. 13  Example  of  axial  flux  generator  with  2  stators  and  1  rotor  design 
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Fo|r  high  power  applications,  multiple  rotors  are  required,  increasing  the  complexity  of  the  design.  The 
son  for  the  high  power  limitation  has  to  do  with  the  required  size,  and  in  particular,  the  radial  build 
Folr  high  power,  the  large  diameters  at  high  speed  yields  very  high  surface  speeds.  The  surface  speec 
limit  the  material  choice,  due  to  large  centrifugal  loads  (due  to  acceleration  and  density  of  the 
ructure)  and  the  associated  stresses.  For  stainless  steel  the  rotational  speed  is  limited  to  about  200 
s,  while  for  aluminum  ,  it  is  300  m/s  (mostly  due  to  the  lower  density).  The  limitation,  at  7000  rpm, 
ibout  0.5  diameter  for  stainless  steel,  and  about  0.8  m  diameter  for  aluminum  1061.  Thus,  axial  flux 
achines  are  not  of  interest  for  high  power,  high  speeds  applications,  such  as  the  Navy  machine  that 
we  are  investigating. 


2. 


Toroidal  stators 


W2  have  investigated  toroidal  stator  configurations.  As  discussed  in  section  5,  racetracks  coils  are 
very  attractive  from  a  manufacturing  point  of  view,  with  coils  that  could  easily  be  made  from 


cofiductors  that  are  reacted  after  winding  (in  the  case  of  MgB2),  or  wound  after  react  (as  in  the  case 

nd 


the 


of 


generation  coated  conductor  or  Bisco  2212). 


Th  e  geometry  offers  some  additional  advantages,  especially  if  the  racetracks  are  oriented  in  the  radiai 
direction.  In  this  section  we  describe  that  configuration.  The  alternative  configuration  is  of  interest  to 
machines  that  have  a  high  pole  number,  or  in  the  case  of  low  pole  number,  several  of  the  windings  of 
the  same  phase  are  placed  next  to  each  other.  That  configuration  results  in  larger  amount  of 
superconductor  exposed  to  the  magnetic  field  (increasing  AC  losses)  and  decreased  coupling  (because 
the  flux  in-between  racetrack  windings  does  not  generate  EMF). 

As  a  consequence,  we  have  only  concentrated  on  the  radially  oriented  windings,  as  illustrated  in 
Figure  2.14.  Thus  configuration  have  several  advantages: 

'  High  flux  coupling:  The  windings  capture  all  the  flux  that  is  accumulated  in  the  stator  iron) 

'  Lower  exposure  of  the  superconductor  to  varying  magnetic  fields:  Only  the  windings  near  the  stator  ^ee 
large  stator  fields,  while  the  outer  layer  of  windings  only  sees  the  self-generated  AC  fields. 

'  Ease  of  manufacturing: 

o  racetrack  coils  are  easily  made  from  many  superconductors 
o  each  coil  could  he  placed  in  a  separate  cryostat. 
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jure  2.14  Top  and  side  view  of  a  toroidal  winding  generator. 


Th  ere  are  problems  with  manufacturing  of  the  toroidal  stator  (the  need  to  have  the  stator  winding 
encircle  the  stator  iron).  We  discuss  several  means  to  manufacture  the  stator  in  section  3.3.3. 


stator  winding  in  slots 
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^ure  2. 15  shows  the  diagram  for  the  model  used  to  calculate  the  performance  of  the  toroidal  stator 
achine.  Figure  2.15  shows  both  inner  and  outer  legs  of  the  toroidal  windings  inserted  in  the  iron,  lit 
ikely  that  for  manufacturability,  the  outer  leg  of  the  toroidal  winding  should  not  be  in  the  winding 
order  to  allow  for  placement  of  segments  of  the  stator  iron  in  the  bore  of  the  toroidal  windings.  Tin 
cthods  of  construction  are  described  in  Section  3. 
ith  this  configuration,  as  well  with  others,  it  is  possible  to  have  designs  where  the  magnetic  field  is 
minated  by  the  rotor  or  by  the  stator.  Figure  2. 17  shows  the  results  of  toroidal  winding  (with  the 
:er  leg  removed  from  the  stator  iron,  as  described  above)  for  both  stator  and  rotor  dominated  fields 
the  case  of  the  stator  dominated  field,  the  field  in  the  rotor  changed  substantially  when  the  stator  is 
rgized  that  when  it  is  not,  and  can  increase  or  decrease  in  intensity.  However,  the  field  in  the  rote 
der  steady  conditions,  does  not  change  in  time,  as  the  rotor  is  processing  at  the  same  speed  at  the 
d  in  the  stator  coils,  and  thus,  it  is  constant).  In  the  case  of  rotor  dominated,  shown  in  Figure 
7(b),  the  field  in  the  rotor  does  not  change  substantially  when  the  stator  is  activated.  We  intend  tc 
imize  the  design  and  determine  which  of  the  two  cases  results  in  the  lighter  machine, 
use  the  cable  design  described  in  Section  7,  with  8 1  superconducting  strands  surrounding  a  3  mn) 
e  that  carries  the  coolant.  We  assume  two  such  cables  per  slot,  with  72  slots  around  the  machine, 
e  geometry  is  shown  in  Figure  2.18. 


Iron  core  00=0.996  m 
Active  length  =  1  m 


Iron  core  00=1.156  m 
Active  length  =  1  m 
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jure  2.17  Possible  designs  for  toroidal  machines,  at  10  MW  and  7000  rpm. 


Tdpical  field  profiles,  for  a  design  that  satisfies  the  requirement  of  14  MW  at  7000  rpm,  is  shown  in 
Fijjure  2.19.  Note  that  the  outer  leg  is  removed  from  the  iron.  Also,  that  the  field  is  effectively  trapped 
in  the  stator  iron,  and  that  each  coil  can  intercept  all  of  the  field  accumulated  in  the  iron  during  the 
cy:le,  increasing  the  coupling.  Also,  there  is  very  small  fields  in  the  outer  leg  of  the  machine, 
decreasing  substantially  the  AC  losses  in  the  superconductor. 


wt(l)-0  Surface:  Magnetic  flux  density  norm  (T)  Arrow  Surface:  Magnetic  flux  density 
Contour:  Magnetic  vector  potential,  z  component  (Wb/m) 
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jure  2.19  Field  on  the  iron  and  field  lines  for  the  toroidal  winding  ease. 


M(l)-0  $urr*c«:  MagnttK  dtnsity  rtorm  (T)  Arrow  SurTaco:  Magr>ftic  Auk  dansity 


Fijjure  2.20  Field  amplitude  and  direction  at  the  highest  field  position  along  the  inner  leg  of  the  statqr 
winding. 


e  field  on  the  inner  winding  of  the  toroidal  stator  is  shown  in  Figure  2.20.  There  are  very  limited 
(btions  of  the  winding  that  have  substantial  fields,  on  the  order  of  0.5  T.  Most  of  the  winding 
neriences  a  field  that  is  eomparable  to  the  self  field,  about  0.2  T.  Not  captures  in  Figure  2.20  is  the 
t  that  the  field  does  not  rotate  around  the  conductor,  but  is  about  in  the  same  direction,  but  changing 
.njiplitude  and  sign.  The  lack  of  rotation  of  the  field  has  substantial  consequences  for  the  AC  losses. 
Teasing  them  substantially, 
e  field  and  the  field  direction  in  the  outer  winding  is  shown  in  Figure  2.21,  indicating  that  the  self 
d  is  about  0.1 -0.2  T.  In  this  case  the  direction  of  the  field  rotates  around  the  conductor,  as  should 
the  case  for  self-field. 
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wt(l)«0  Surface:  Magnetic  flux  density  norm  (T)  Arrow  Surface:  Magnetic  flux  density  ^ 
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Fijjure  2.21  Field  amplitude  and  direction  at  the  highest  field  position  along  the  outer  leg  of  the  stater 
winding. 
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e  results  are  summarized  in  Table  2.2.  The  assumption  on  the  cable  design  and  the  strands  are 
(bvided  in  the  Table.  The  change  in  field  amplitude  is  assumed  to  be  about  0.25T.  with  only  a  smal|l 
rating  component.  The  field  in  outer  leg  is  assumed  to  be  0.06  T,  with  a  50%  rotating  component, 
e  losses  in  the  winding  about  660  W.  This  is  small  number  for  such  a  large  machine,  allowing 
Dstantial  improvements  in  total  machine  efficiency  (to  over  99%). 

e  weight  of  the  machine  is  dominated  by  the  rion  (about  86%  of  the  total  weight  of  the  machine, 
the  rotor  being  about  6%  and  the  cable  about  1%.  The  mass  of  the  machine  is  about  2.8  tons,  w 
pecific  torque  of  about  7  Nm/kfg  and  a  specific  power  of  about  5  kW/kg.  It  should  be  noted  that 
se  numbers  do  no  include  the  refrigerator.  Using  the  results  from  Section  8.7,  the  weight  of  2 
Ifigerators  is  about  2.4  tons,  decreasing  the  specific  power  of  the  system  to  about  2.5  kW/kg.  The 
al  in  the  middle  term  set  up  by  the  Navy  is  over  2  kW/kg,  so  this  machine  already  surpasses  the  go|al 
up  in  that  document  by  the  NAVY.  [Kuseian] 
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Table  2.2  Illustrative  design  of  toroidal  winding  machine 


MgB2  cable 


Jc 

8000 

A/mm''2 

Filament  OD 

10  pm 

Twist  pitch 

10  mm 

Matrix  res. 

140  nQ.m 

Nb  filaments 

5000/cable 

Ic  cable 

3140 

l/lc 

0.65 

In  slots  1 

AB 

0.25  T 

Rot  Field 

20% 

Top  sections  1 

AB 

0.06  T 

Rot  Field 

50% 

AC  losses 

inner  leg 

Outer  leg 

Total  1 

Magnetization 

400  W 

93  W 

493  W 

^  current 

Eddy  current 

20  W 

1.5  W 

21.5  W 

Coupling 

125  W 

7.5  W 

132.5  W 

Matrix  Mag. 

20  W 

2  W 

22  W 

Total 

560  W 

104  W 

664  W 

hos 

ste 
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2.5  Switched  Reluctance  Machines  (SRM) 

Svdtched  reluctance  machines  are  generally  considered  for  very  high  speed  applications  and  very 
tile  environment.  These  machines  are  basically  stepping  machines,  wherein  rotor  moves  in  small 
ps  as  directed  by  excitation  of  stator  coils.  In  this  selected  configuration,  diametrically  opposite 
e  pairs  form  a  phase  and  are  excited  together.  Each  phase,  when  excited  attracts  the  rotor  poles  to 
;n  with  itself  (minimizing  reluctance).  This  feature  results  in  motion  is  steps.  The  key  pros  and  cc(ns 
such  machines  are  listed  below: 

:os: 

a)  Much  cheaper  than  Permanent  Magnet  (PM)  machines 

b)  5-lOX  over-load  torque  capability,  not  possible  with  other  machine  options 

c)  Fault  tolerant,  i.e.  absence  of  over-currents  -  this  feature  makes  them  attractive  for  aircraft 
applications 

d)  Losses  occurring  mostly  in  the  stator  are  easier  to  remove 

e)  Fundamental  frequency  is  2X  of  a  synchronous  machine 


•dons: 

a) 

b) 

c) 

d) 


Require  smaller  air  gap  and  better  concentricity  than  an  induction  motor 
Best  designed  SRM  has  power  density  1/2  of  heteropolar  machines 
Inherently  noisy 
High  torque  ripple 


In  generator  applications,  protection  is  provided  with  complex  electronic  systems 

Tv/o  out  of  numerous  available  references  [Miller,  Lawrenson]  are  used  here  for  designing  such 


machines.  A  machine  with  4  poles  on  rotor  and  6  poles  on  stator  was  selected  for  evaluation  (Fig. 
2.22).  MgB2  windings  operating  at  20K  were  selected  for  the  stator.  As  shown  in  the  figures,  2  state: 
coils  are  energized  at  a  time.  Key  dimensions  and  design  results  are  summarized  below: 


Number  of  poles  on  rotor 

4 

Number  of  poles  on  stator 

6 

Nominal  speed 

7000  RPM 

Stator  coils 

MgB2 

Stator  coil  operating  temp. 

20  K 

Radius  to  foot  of  rotor  poles 

250  mm 

Rotor  pole  width 

320  mm 

Rotor  pole  height 

160  mm 

Air  gap  length 

3  mm 

Stator  inside  radius 

163  mm 

Radius  to  bottom  of  stator  poles 

672  mm 

Outside  radius  of  stator  yoke 

870  mm 

Axial  length 

3500  mm 

(dp 

to 

le’ji 


will 

the 


Vanadium  Permedur  core  material  was  selected  for  both  rotor  and  stator  laminations.  The  air  gap 
between  rotor  and  stator  was  selected  a  3  mm,  which  is  quite  aggressive  for  such  a  large  diameter 
machines.  2-D  flux  plots  were  created  for  calculating  phase  inductance  for  two  positions;  1)  rotor  an(|i 
stator  poles  are  aligned,  and  2)  rotor  and  stator  poles  are  completely  unaligned.  Figure  2.23  shows 
variation  of  inductance  as  a  function  of  phase  excitation.  At  low  saturation  level,  ratio  between  aligrjed 
and  unaligned  position  was  10.3  but  at  high  saturation  levels  it  dropped  to  1.08. 

Fij^ure  2.24  shows  variation  of  flux/pole  as  a  function  of  excitation  for  the  two  positions.  The  upper 
curve  (solid  line)  shows  flux  as  a  function  of  excitation  when  poles  are  aligned.  The  lower  curve 
tted  line)  is  for  the  case  when  poles  are  misaligned.  In  general,  the  machine  output  is  proportionajl 
the  area  between  the  two  curves.  In  most  designs,  SRM  are  designed  to  operate  at  an  excitation 
el  just  above  the  knee  of  the  upper  curve.  As  shown  in  the  figures,  maximum  output  of  this  machihe 
be  proportional  to  area  enclosed  between  the  two  curves.  This  was  the  design  point  selected  for 
current  study. 


Fijjure  2.25  shows  power  generated  as  a  function  of  stator  current.  The  relationship  is  nearly  linear  bjut 
losses  are  a  strong  function  of  pole  stator  current  and  frequency.  Listed  below  are  some  key 
mechanical  features  of  the  SRM  that  make  this  concept  unattractive; 

•  Tip  speed  of  rotor  for  the  selected  rotor  radius  is  349  m/s,  which  is  too  high  for  magnetic  hardened 
steel  with  an  allowable  operating  stress  of  33  ksi.  The  rotor  radius  needs  to  be  reduced  to  714  mm  (|28 
in)  for  staying  within  the  allowable  stress  limit 

•  Rotor  mechanical  dimensions  (rotor  diameter  of  952  mm  (37.5  in)  and  axial  length  of  3500  mm  (138 
in))  exceed  the  ONR  guidelines 

•  Expected  machine  mass  (~  22  kkg)  is  higher  than  a  conventional  machine  and  also  exceeds  the  ONR 
guidelines. 

Cere  loss  density  at  1.5W/kg  at  ~  2T  and  60  Hz,  increases  to  1.5*(467/60)2  =  91  kW/kg.  This 
translates  to  2MW  of  core  loss.  It  will  be  extremely  challenging  to  remove  these  losses. 

All  these  factors  make  this  machine  unsuitable  for  ONR  intended  applications. 


’  Excitation  AT 

Fijjure  2.23:  Variation  of  inductance  in  aligned  and  unaligned  stator  and  rotor  poles  as  a  function  of 
sta  tor  and  rotor  poles 
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jure  2.24:  Flux  per  pole  as  a  function  of  excitation  for  the  aligned  and  unaligned  position  of  poles 


Superconducting  (MgB2)  coil  design  details  are  summarized  below: 

•  Stator  coils  are  sized  on  the  basis  of  a  3  strand  cable;  each  strand  being  0.83  mm  diameter 

•  Maximum  field  experienced  by  a  MgB2  coil  ~  0.23T  at  excitation  of  60,000  ampere-turns  (AT) 

•  The  cable  is  operated  at  60%  of  Ic  =  1735A;  critical  current  (Ic)  being  2890  A  at  20K 

•  Each  coil  has  35  turns,  which  could  be  accommodated  in  a  single  layer  winding 

•  Length  of  cable  needed  for  each  coil  is  276  m;  or  total  length  of  strands  is  830  m 

losses  in  MgB2  coils  are  listed  below: 

•  Hysteresis  losses  in  MgB2  strands/phase  (each  phase  includes  2  coils)  =  2960  W 

•  Thermal  conduction  through  current  leads  =  340  W 

•  Thermal  heat  load  through  cryostat  =  80  W 

•  Total  heat  load  for  each  stator/phase  =  3380  W 


Compressor  power  needed  to  remove  these  losses  =  1.5  MW 
Core  loss  is  also  on  the  order  of  2  MW 
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compressor  power  only  to  cool  one  phase  is  3.5  MW,  which  is  excessive  for  a  14MW  maehine 
s  making  this  concept  INFEASIBLE. 


In  summary,  features  making  SRM  unattractive  for  the  ONR  specified  application  are  listed  below: 
The  SRM  design  exceeds  ONR  guidelines  in  mass  by  83%  and  axial  length  by  ~  22%. 

Refrigeration  power  3.5kW  leads  to  a  system  efficiency  of  95%  which  lower  than  ONR  specified  target 
of  98% 

Additionally  SRM  being  inherently  acoustically  more  noisy  would  make  them  less  desirable  for  ONR 
Applications 

Be  cause  of  all  above  stated  unattractive  features  of  SRM,  it  was  not  studied  further. 


2i6  AC  Homopolar  Machines 

Homopolar  machines  are  commonly  employed  in  various  industries.  These  machines  are  suitablle 
high  speed  applications  as  they  have  no  windings  on  the  rotor.  Some  of  the  Pros  and  Cons  of  AC 
dmopolar  (ACHP)  machines  are  listed  below. 
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Pro; 


>s: 

a) 

b) 

c) 

d) 

e) 


Solid  rotor  body  without  any  winding  -  simplifies  design 
Synchronous  machine  with  superconducting  3-phase  winding 

Both  field  and  armature  superconducting  windings  are  stationary  -  enabling  simpler  cryostat  and 
easier  cooling 

Employs  single  layer  armature  winding  for  ease  of  construction  and  higher  power  density 
Higher  air  gap  magnetic  field  than  conventional  machines 


Ccns: 


a)  Best  designed  AC  Homopolar  has  power  density  %  of  heteropolar  machines 

b)  Rotor  operation  under  partial  vacuum  desired  for  reducing  windage  loss 


General  Electric  [Sivasubramaniam]  built  such  a  machine  for  the  US  Air  Force  employing 
su  perconducting  field  winding  and  conventional  air  gap  winding  made  of  fine  strand  copper  Litz  wir 
In  this  program,  we  investigated  two  options,  one  with  REBCO  and  the  second  one  with  MgB2. 

Th  e  overall  machine  configuration  is  shown  in  Fig.  2.26.  The  rotor  is  made  of  solid  magnetic  iron 
2  salient  poles  on  each  end.  The  poles  on  ends  are  displaced  by  90  degrees  as  shown  in  the  figure. 
This  configuration  results  in  an  equivalent  4-pole  configuration  as  viewed  from  the  stator.  The 
ature  employs  3-phase,  4-pole  winding  configuration  shown  in  the  figure.  Such  a  winding  made 
i^pper  Litz  wire  was  built  by  AMSC  [Kalsi]  for  a  4-pole,  1800  RPM  synchronous  motor.  The 
itation  field  winding  constitutes  a  single  circular  coil  placed  outside  of  the  armature  winding, 
ajminated  iron  core  on  the  stator  encloses  both  armature  and  field  windings, 
e  iron  core  laminations  are  arranged  in  2  different  fashions.  On  each  end,  laminations  are  stacked 
ially  to  let  field  lines  enter  each  lamination  through  its  edge.  The  middle  section  of  the  iron  core 
laminations  wound  like  a  spring  using  the  rotor  axis  as  the  reference.  The  flux  lines  enter  and 
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leave  these  laminations  also  through  their  edges.  Thus  the  flux  lines  never  experience  broad  side  of 
laminations.  It  should  be  noted  that  3  part  lamination  could  be  combined  into  a  single  lamination  at  ihe 
risk  of  trapping  the  field  coil,  which  would  not  be  accessible  without  taking  the  whole  core  apart. 

The  flux  travel  pattern  is  shown  in  Fig.  2.27  and  is  explained  below: 

1)  From  rotor  pole,  the  field  travels  across  air  gap  (x  direction)  and  enters  into  the  stator 

2)  The  field  travels  in  the  lamination  (in  plane) 

3)  The  field  crosses  into  lamination  stacked  radially  and  starts  travelling  azimuthally  (y  directioi|i) 

4)  The  field  continues  to  travel  azimuthally 

5)  The  field  starts  travelling  axially  (z  direction)  into  lamination  stacked  circumferentially 

6)  The  field  travels  in  the  lamination  (in  plane) 

7)  The  field  travels  across  the  air  gap  into  the  rotor  pole 

8)  The  field  returns  back  to  position  1  through  the  solid  rotor  core 


Fijj.  2.26:  Overall  Homopolar  machine  configuration  showing  rotor,  armature  and  field  windings  anc 
laminated  magnetic  core 


St^ck  circumferenttally  (in 
y-  direction) 


Stack  radially  (in  x- 
direction) 


Fijj.  2.26:  Arrangement  of  machine  components  showing  iron  lamination  pattern  details  and  direction 
of  flux  travel 


2. 


5.1 


With  ReBCO  in  Armature  and  Field  Windings 


Th  e  magnetic  cross-section  of  the  machine  is  shown  in  Fig.  2.28  -  all  dimensions  are  in  mm.  The 
limiting  factor  for  determining  machine  dimensions  is  the  surface  stress  experience  at  the  rotor  pole 
tips.  Rotor  is  made  of  hardened  steel  with  yield  and  ultimate  stresses  of  50  ksi  and  100  ksi, 
respectively.  Allowable  stress  is  taken  as  minimum  of  2/3*yield  or  l/3*ultimate  stress.  On  this  basis!, 
allowable  rotor  tip  speed  is  262  m/s.  In  the  current  machine  design,  the  selected  pole  tip  radius  is  340 
mm  -  which  corresponds  to  a  tip  speed  of  250  m/s,  which  is  close  to  the  allowable  tip  speed  calculate 
above.  An  air-gap  length  of  5  mm  is  chosen  as  a  reasonable  practical  clearance  between  the  stator  ar  d 
roi  or.  Rest  of  the  dimensions  are  selected  iteratively  (but  manually)  to  generate  required  power.  Tw 
highlighted  areas  are  for  the  ReBCO  windings;  larger  area  represents  armature  coils  and  the  smaller 
area  is  the  excitation  field  winding.  Radial  thickness  of  each  winding  area  is  42  mm,  which  consists  bf 
12  mm  thickness  for  the  ReBCo  coils  and  15  mm  of  each  side  of  the  coil  for  the  aerogel  thermal 
insulation.  The  rotor  is  constructed  from  solid  magnetic  steel  and  has  80  mm  tall  pole  bodies.  Each 
pole  axial  length  is  250  mm.  The  field  winding  has  an  axial  length  of  200  mm  and  has  a  mean  radius  of 
467  mm.  These  dimensions  represent  the  best  guesses  and  they  are  not  optimal  in  any  sense.  The 
stator  employs  laminated  iron  core.  This  study  has  assumed  JNEX-Core  (Model  10  JNEX900,  0.10 
mm  thickness)  as  the  core  material  in  order  to  reduce  AC  losses  due  to  magnetic  field  of  233  Hz. 
Analysis  in  (Appendix  A)  shows  that  the  core  losses  are  only  a  small  fraction  of  total  losses.  Possibil|ity 
of  using  another  material  could  be  evaluated  during  machine  optimization  design  study  in  the  future. 
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ll.  2.28:  Cross-section  showing  dimensions  for  various  components  of  the  machine 
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An  air  gap  armature  winding  arrangement  used  by  AMSC  for  their  5,000  HP  motor  is  shown  in  Fig. 
These  coils  were  built  with  copper  Litz  cable.  This  study  assumes  that  similar  coils  could  also 
built  with  ReBCO  Roebel  or  MgB2  cables.  Fig.  2.30  shows  superconducting  armature  winding 
hcept  envision  for  the  current  machine.  All  coils  are  epoxy  impregnated  to  create  a  monolithic 
lucture  capable  of  supporting  the  loads  other  than  the  main  torque,  which  needs  to  be  transmitted  tC' 
the  back  iron. 


FijJ.  2.29:  A  single  layer  airgap  winding  concept  employed  in  an  AMSC  5,000  HP  motor  [Kalsi] 
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.2.31  shows  radial  magnetic  field  that  links  with  Phase  A  coils  and  its  harmonic  content  calculate  ^ 
a  2-D  FEA  code.  All  harmonics  are  odd  and  their  magnitude  is  small  and  acceptable  -  on  the 
ds  of  criterion  applied  in  conventional  machines.  However,  to  be  precise  their  contribution  to  AC 
ses  could  be  estimated  if  necessary. 
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.  2.30:  Superconducting  single  layer  winding  concept  proposed  for  the  current  machine 
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2.31:  Radial  field  distribution  at  Phase-A  coils  (open-circuit)  and  its  harmonic  content 


The  machine  configuration  shown  in  Fig.  2.26  is  totally  enclosed  in  a  50  mm  thick  cylinder  located  alt 
the  outside  radius  of  the  stator  core.  Fig.  2.32  shows  the  cryostat  outside  of  the  iron.  Both  ends  of  this 
cylinder  are  capped  with  50  mm  thick  plates.  The  whole  volume  inside  this  cylinder  is  evacuated.  A  1 
coils  are  insulated  with  aerogel  from  the  room-temperature.  There  are  no  windage  losses  as  the  rotor 
operates  in  a  vacuum  space  -  required  for  a  high  speed  machine. 

Fig.  2.32  shows  overall  configuration  of  the  machine,  including  relative  positions  of  stator  and  rotor 
components.  Except  for  the  superconducting  coils,  all  stator  and  rotor  components  are  at  room- 
temperature.  Superconducting  coils  are  cooled  to  a  temperature  necessary  for  selected  superconduct([): 
material.  As  shown  in  Fig.  2.33,  each  coil  has  axially  running  GIO  (or  equivalent)  support  for 
transferring  torque  to  the  support  pins.  The  epoxy  impregnated  monolithic  armature  structure  (similja: 
to  Fig.  9)  is  supported  off  the  stator  frame  using  Kevlar  straps  shown  in  Fig.  2.34.  The  strap  loops 
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ound  the  support  pins  located  at  ends  of  the  armature  assembly  as  shown.  On  the  basis  of  allowabl 
ess  of  13.3  MN  in  a  78  mm  diameter  rope  (data  from  internet),  the  needed  strap  (rope)  cross-section 
20  mm2.  This  strap  supports  the  superconducting  armature  mechanically  at  its  intended  location  and 
ansfer  torque  to  the  stator  frame.  One  end  of  the  strap  is  at  room-temperature  and  the  other  at  the 
ature  operating  temperature.  Thermal  conduction  from  ambient  to  cryogenic  temperature  is 
aected  to  be  low. 
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Fit.  2.32:  Cross-section  of  the  machine  showing  stator  and  rotor  components  along  with  ferro-fluid 
seals  and  bearings 
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Axially  running  GIO  or 
equivalent  rods  are 
epoxy  bonded  to  each  coil 
side. 

Rods  end  in  a  pin  on  each  end 
pins  on  ends  are  connected  to 
similar  pins  on  the  case  for 
support  and  torque  transfer. 


Fijj.  2.33:  Individual  armature  coil  supported  by  axially  running  GIO  (or  equivalent)  support  rod 
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2.34:  Superconducting  armature  support  is  supported  off  the  stator  frame  using  Kevlar  straps 


Fit.  2.35  shows  detailed  arrangement  of  stator  components.  All  components  of  stator,  except  the 
superconducting  coils,  operate  at  room  temperature.  The  ReBCO  armature  coils,  radially  12  mm  thick 
(ir  eludes  cooling  tubes  Fig.  2.36),  are  surrounded  in  an  aerogel  layer  (15  mm  thick)  and  are  operated  at 
35  K.  The  field  coil  is  also  surrounded  with  15  mm  thick  layer  of  aerogel  for  insulating  it  from  the 
room  temperature  iron  core. 
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Fijj.  2.35:  Cross-section  of  the  machine  showing  armature  and  field  coils 


Fijj.  2.36  shows  an  armature  coil  with  its  dedicated  cooling  tubes  attached  to  its  both  sides.  Cold 
helium  is  circulated  through  them  for  keeping  the  coils  at  intended  35  K  operating  temperature.  The 
pancake  coil  build  is  also  shown  in  the  picture  -  width  of  each  coil  is  about  60  mm  for  coils  employijig 
wilth  Roebel  cables  built  from  ReBCO.  Each  pancake  coil  is  about  7  mm  thick  and  has  2.5  mm  tall 


rectangular  stainless  steel  cooling  tubes.  A  thin  sheet  of  Alumina  (or  equivalent)  sheet  is  inserted 
between  the  cooling  tubes  and  the  pancake.  The  Alumina  sheet  acts  as  a  thermal  shunt  among  all  coi 
turns  as  well  as  an  interface  between  the  pancake  and  the  cooling  tubes.  The  cooling  tubes  are  made  in 
U- shape  for  preventing  net  voltage  difference  between  its  inlet  and  outlet  ports.  In  order  to  obtain  the 
bed  coil  performance,  it  would  be  necessary  to  impregnate  the  pancake  and  cooling  tubes  together 
us  ng  a  thermally  conductive  but  electrically  non-conductive  epoxy  (TBD).  For  ReBCO  coils,  each 
cooling  tube  is  20  mm  wide  and  2.5  mm  tall  and  has  0.1  mm  thick  wall.  Eddy-current  loss  (25  W)  in 
these  tubes  (made  of  stainless  steel)  is  negligible  as  compared  to  AC  losses  in  the  superconducting 
coils.  Consider  a  race  track  coil  with  horizontal  build  of  60  mm  (top  sketch).  Cooling  tubes  are  placejd 
on  each  leg  of  the  racetrack.  Bottom  sketch  shows  vertical  build  of  the  coil  sandwiched  between  the 
cooling  tubes. 


Cooling  tube 


Fijj.  2.36:  Arrangement  for  cooling  individual  armature  coils  with  cooling  tubes  attached  to  their  sides 
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i|gh  temperature  superconductor  (HTS)  ReBCO  is  employed  for  both  armature  and  field  windings, 
e  solid  iron  rotor  generates  4  poles,  which  are  excited  with  a  single  circular  coil  made  of  2  mm  wi^e 
^BCO  conductor.  The  armature  winding  employs  Roebel  cable  consisting  3  mm  wide  strands, 
wever,  a  good  analysis  for  calculating  these  losses  is  not  currently  available.  The  armature  windiih^ 
ijisisting  of  6  coils  is  constructed  using  the  single  layer  concept.  Each  coil  has  a  single  pancake  and 
rates  at  35  K. 

e  overall  machine  configuration  is  shown  in  Fig.  2.37along  with  possible  arrangements  for  the 
olant  manifolds.  More  details  will  be  developed  later  if  this  concept  is  selected  for  detailed  design, 
order  to  reduce  windage  losses  at  the  rotor  surface,  GIO  pieces  could  be  bolted  to  fill  non- iron 
spaces.  This  concept  is  shown  in  Fig.  2.38. 


Compression  rods 


Cooling  plates 


Cryostat 

(transparent) 


Fill.  2-38  GIO  block  are  attached  to  the  non-iron  areas  to  make  the  rotor  a  smooth  cylinder 


2.15.2  Magnetic  Analysis 

Be  fore  proceeding  further,  the  magnetic  analysis  for  such  a  machine  is  discussed.  Analysis  below  is 
based  on  Finite  Element  Analysis  (FEA)  software  using  both  2-D  model  and  3-D  model. 

Th  e  configuration  of  Fig.  2.28  is  used  for  calculating  the  air-gap  magnetic  field  due  to  excitation 
current  in  the  field  winding.  Magnetic  field  is  calculated  by  exciting  the  field  coil  with  50  kA-tums. 
In  the  6  coil  single  layer  armature  winding  concept,  each  phase  of  the  3 -phase  winding  consists  of  2 
coils  connected  in  series  -  the  two  coils  are  placed  on  diametrically  opposite  locations.  The  magnetij; 
field  under  each  pole  is  unidirectional;  it  oscillates  between  maximum  and  minimum  values  at  a 


frequency  fixed  by  rotor  speed.  The  differenee  between  the  maximum  and  minimum  field  is  utilized 
indueing  voltage  in  the  armature  coils.  The  magnitude  of  the  oscillating  field  is  estimated  with  th^ 
D  TEA  model  using  the  arrangement  shown  in  Fig.  2.39.  Fig.  2.40  shows  a  model  (left)  and  results 
fields  at  the  midplane  of  the  machine,  used  to  assure  the  accuracy  of  the  2D  model.  It  should  be 
jted  that  this  figure  shows  both  North  and  South  poles  aligned  but  in  a  real  situation  they  are  180 
:rees  apart.  Flux  lines  travel  from  North  to  South  azimuthally  in  both  rotor  and  stator  bodies, 
suming  ampere-tum  expended  for  flux  travel  in  azimuthal  direction  to  be  negligible,  the  2-D  FEA 
ignetic  model  seems  to  be  acceptable  -  as  calibrated  with  the  3-D  FEA  model. 
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Fijg  2.39:  2-D  FEA  model  for  calculating  magnetic  field  in  phase-A  for  d-axis  and  q-axis  locations 


Fijg  2.40  3D  FEA  model  for  calculating  fields  and  fluxes  for  in  phase  A  for  d  axis  and  q  axis. 


Th  e  magnetic  flux  distribution  is  shown  for  two  cases;  1)  d-axis,  where  rotor  salient  poles  are  aligned 


ith 


w 

heb 

w 

m; 

an 

dil= 

az: 

T) 

ax 

mi 

indii 


us 

Hull 


phase-A  coil,  and  2)  where  the  rotor  is  aligned  with  q-axis  (45  degree  rotation  from  the  d-axis 
e.)  The  process  for  calculating  mutual  coupling  between  field  excitation  and  armature  phase-A 
ilndings  is  summarized  in  Table  2.3  and  described  below.  Under  the  d-axis,  the  rotor  pole  body  is 
agnetic  steel  and  under  the  q-axis  it  is  just  air.  The  magnetic  fields  at  mid-point  of  a  pole  for  d-axis 
d  q-axis  are  0.60  T  and  0.21  T,  respectively.  Thus,  the  amplitude  of  the  oscillating  field  is  the 
Terence  between  the  two;  i.e.  0.39  T  (=  0.60-0.21).  To  account  for  field  variation  in  axial  and 
muthal  directions,  a  correction  factor  of  0.74  is  used  for  calculating  an  average  field  (Save  =  0.29 
The  flux  per  pole  (0.039  Wb)  is  obtained  by  multiplying  together  the  average  field,  pole-pitch  arjd 
ial  active  length  of  a  pole.  This  flux  divided  by  the  field  excitation  ampere-turns  (50  kA-tums)  yie 
iiitual  inductance  of  0.75  micro-H/tum  between  the  field  winding  and  an  armature  coil.  This 
uctance  value  matches  that  calculated  by  3-D  TEA  analysis  (this  justifies  the  correction  factor  0.7 
ed  above.)  Each  stator  coil  has  48  turns  for  generating  an  open-circuit  phase  voltage  of  3.8  kV  or 
e  voltage  of  6.7  kV 


ds 


Table  2.3:  Calculation  of  mutual  inductance  between  field  and  armature  phase-A  windings 


Parameter 

Value 

Field  coil  ampere-turn,  kA 

50 

Maximum  field  under  d-axis,  T 

0.60 

Maximum  field  under  q-axis,  T 

0.21 

Maximum  pulsating  field  undera  pole,T 

0.39 

Correction  factor  for  axial  and  azimuthal  field  variations  (FEA) 

0.74 

Average  field  under  a  pole,  T 

0.289 

Active  length  of  each  pole,  mm 

250 

Pole  pitch  at  air-gap,  mm 

534 

Flux/pole  (B.Lpp),  Wb 

0.039 

Number  of  coils  in  series/phase 

2 

Flux/phase,  Wb 

0.077 

Mutual  inductance  between  field  and  an  armature  coil,  mH 

0.0008 

Frequency  of  AC  coils,  Hz 

233 

Induced  (rms)  voltage/turn  in  armature  coils,  V 

40 

Chosen  number  of  turns  in  an  armature  coil 

48 

Voltage  induced  per  phase,  kV 

3.8 

Line  voltage,  kV 

6.7 
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xt  step  is  to  calculate  synchronous  reactance  that  represents  armature  reaction.  The  process  for 
culating  synchronous  reactance  is  explained  below: 

1.  Excite  field  coil  with  open-circuit  ampere-turns  (  50  kA-turn  here) 

Calculate  flux  linkages  with  a  phase-A  armature  coil  when  it  is  aligned  with  a  salient  pole  (d-axis) 
Excite  a  phase-A  armature  coil  (along  with  equivalent  currents  in  other  phases)  with  suitable  current 
that  produces  the  same  flux  linkages  as  in  the  step  2  above 

Calculate  per-unit  value  of  the  armature  current  in  step  3  above  (  =  Current  in  step  3/pu-armature 
current) 

In  per-unit,  when  armature  is  shorted  at  its  terminals,  voltage  drop  in  synchronous  reactance  is  equ 
to  the  induced  voltage;  V  =  xd  *  I  or  xd  =  V/l;  where  I  is  pu  current  from  step  4  and  V  is  1  pu. 


2. 

3. 

4. 

5. 


In 


order  to  calculate  equivalence  between  field  and  armature  currents  (required  in  step  3),  model  sho 


vn 


in  Fig.  2-41  is  used.  In  this  model,  field  winding  is  excited  with  10  kA- turns  to  generate  flux  linkagfe 
of  0.00028  Wb  over  a  pole-pitch.  An  armature  phase-A  is  excitation  with  10.5  kA-tum  for  creating  tbe 
same  flux  linkages.  The  ratio  between  armature  current  and  field  current  is  10.5/10  =  1.05.  In  the 
machine  under  discussion,  field  excitation  of  50  kA-tum  is  needed  to  generate  rated  voltage  on  open 
ciicuit.  The  phase-A  armature  coil  would  need  1.05*50  =  52.5  kA-tums  to  create  the  same  flux.  At 
the  rated  load,  phase-A  carries  86  kA-tums  (=  1  pu  current.)  Thus,  the  value  of  current  needed  in 
phase-A  coils  to  equate  the  field  excitation  is  52.5/86  =  0.61  pu.  Using  the  formula  in  the  step  5  aboye, 
d-axis  synchronous  reactance,  xd  =  1/0.61  =  1.64  pu. 


Flux  linkages  over  the 
highlighted  red  line  are 
equated  for  finding  ratio 
between  field  current  and 
equivalent  armature  current 


Fit.  41:  Model  employed  for  calculating  ratio  between  field  and  armature  ampere-turns  for  creating 
identical  flux  linkages  over  a  pole-pitch  [on  the  highlighted  (red)  line] 
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xt,  it  is  necessary  to  determine  extent  of  saliency  in  this  machine;  i.e.  determine  ratio  of 
ichronous  reactances  on  d-axis  and  q-axis.  In  order  to  determine  this,  another  2-D  model  (shown 
ll.  2.42)  is  created.  Rotor  is  aligned  on  d-axis  and  q-axis  locations  with  phase-A  coils  excited  with 
.  Phase-A  inductance  is  calculated  in  both  cases.  The  ratio  between  d-axis  and  q-axis  reactances  i 
ermined  to  be  12/1 1.6  =  1.03.  Almost  unity  ratio  indicates  that  the  saliency  effect  is  small  and  it 
i|uld  be  ignored.  However,  the  value  of  xq  =  xd/1.03  =  1.59  pu.  These  xd  and  xq  values  match  witl|i 
se  calculated  using  the  3-D  FEA  model. 

rated  unity  power  factor  load,  the  induced  voltage  will  be  Eo  =  (Vt2  +  (xd*Ia)2)0.5  =  1.9  pu.  The 
Iresponding  field  excitation  ampere-turns  will  be  1.9*50  kA-tums  =  96  kA-tums.  Power  generate(|l 
g)  in  the  machines  is  given  as  Pg  =  (Vt*Eo/xd)  sin(5),  where  5  is  the  load  angle.  The  load  angle 
machine  at  the  rated  load  is  58. 6o.  Fig.  2.43  shows  relationship  among  terminal  voltage  (Vt),  ph^i 
rrent  (la)  for  unity-power  factor  and  induced  voltage  Eo. 
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Current/coil  ■  2000  A 
Stored  energy  ■  0.024  J 
Inductance*  12  nH 


Current/coil  *  2000  A 
Stored  energy  *  0.023  J 
Inductance*  11.6  nH 


Fijj.  2.42:  Flux  plots  for  d-axis  and  q-axis  with  phase-A  excitation 
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Fit.  2.43:  Vector  diagram  showing  relationship  among  terminal  voltage,  armature  current  and  inducei 
voltage  during  fiill-load  operation 

2.15.3  Effect  of  Armature  Magnetic  Field  on  the  Excitation  Coil 

Fijj.  2.28  includes  a  radial  gap  of  80  mm  between  the  armature  winding  and  field  winding,  though  bolth 
operate  at  the  same  temperature.  This  is  done  for  reducing  losses  in  the  field  winding  due  to  AC 
magnetic  field  created  by  the  current  in  the  armature  winding.  Fig.  2.44  shows  magnetic  flux  plot  du|' 
to  armature  current,  radially  directed  magnetic  field  experienced  by  the  field  winding,  and  harmonic 
analysis  of  this  field.  As  shown  in  the  figure,  fundamental  field  is  the  dominant  component  and  most 
harmonics  are  essentially  absent.  The  peak  AC  field  experienced  by  the  field  winding  is  0.22  T.  Sin|ce 
this  field  is  radially  directed,  significant  eddy-current  heating  will  be  experienced  by  any  metallic 
component  interacting  with  it.  For  this  reason,  it  would  be  necessary  to  enclose  the  field  winding  in  s 
nop-metallic  enclosure. 

Ldsses  in  superconducting  coils  are  calculated  with  the  analysis  described  in  section  6.  ReBCO  field 
winding  employs  a  2  mm  wide  tape  that  has  20  micron  copper  layer  surrounding  it.  Usually  the  two 
most  important  loss  components  are  due  to  magnetization  and  transport  current.  In  absence  of  a 
credible  magnetization  loss  formulation,  this  loss  component  is  replaced  with  eddy-currents  in  the 
cooper  layer.  The  loss  due  to  DC  transport  current  is  138  W.  The  eddy-current  loss  due  to  armature 
reaction  field  (0.2  T  at  233  Hz)  is  361  W.  Additionally  22  W  is  conducted  through  the  current  leads. 


Tctal  field  winding  loss  is  521  W,  which  is  used  for  refrigeration  sizing  and  efficiency  calculations. 

Th  ese  loss  calculations  could  be  revised  once  an  acceptable  AC  loss  analysis  becomes  available  for  t|ie 
Re  BCO  conductors. 


Armature 
winding  winding 


AC  field  experienced 
by  the  field  winding 
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Harmonic  distribution  at  the  field  winding 


Fig.  2.44:  AC  magnetic  field  experienced  by  the  field  winding  due  to  armature  current  (note:  most 
hatmonics  are  absent) 
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2.15.4  Summary  of  ReBCO  Machine 

Now  the  salient  features  of  this  machine  employing  ReBCO  for  field  and  armature  could  be 

nmarized.  Main  parameters  of  the  machine  are  listed  in  Table  2.  This  machine  generates  14.6  M|W 
233  Hz  while  operating  at  7,000  RPM.  The  overall  efficiency  of  the  machine  is  expected  to  be 
6%,  which  is  above  98%  ONR  requirement.  Table  3  provides  distribution  of  losses  in  the  armatur^ 
overall  efficiency  calculations.  Total  ampere-turns  of  the  field  coil  are  96,000  during  full-rated 
d  of  unity  power  factor.  Each  phase  of  armature  coils  (2  coils  together)  has  172  kA-tums.  The 
erall  diameter  and  axial  active  length  are  1 .23  m  and  1 .4  m,  respectively.  The  mass  of  the  machini 
ne  is  7,700  kg  that  translates  to  a  power  density  of  1.9  kW/kg.  The  mass  of  the  cryogenic  cooling 
stem  is  expected  to  be  4,320  kg.  Thus  the  total  system  mass  is  12,000  kg. 


Table  2.4:  AC  Homopolar  machine  employing  ReBCO  windings 


Parameter 


Value 


Power,  MW 

14.6 

Rated  speed,  RPM 

7,000 

Number  of  poles 

4 

Frequency,  Hz 

233 

Efficiency  at  full-load,  % 

98.6 

Field  winding  current  at  full-load,  kA-turns 

96 

Armature  current/phase,  kA-turns 

172 

Overall  diameter,  m 

1.22 

Active  length,  m 

0.7 

Overall  axial  length,  m 

1.4 

Machine  weight,  kkg 

7.7 

-  shaft 

0.05 

-  rotor  yoke 

2.38 

-  poles 

0.24 

-  stator  iron  yoke 

2.02 

-  stator  case 

3.00 

Total  machine  weight 

7.7 

Cryogenic  cooling  system  weight,  kkg 

4.3 

Total  machine  system  weight,  kkg 

12.0 
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Th  is  machine  design  employs  the  advanced  ReBCO  eonductor  being  developed  at  the  University  of 
Houston.  The  field  winding  uses  2  mm  wide  conductor  with  a  critical  current  of  240  A  at  77  K  and 
se  f-field.  Fig.  2.45  shows  the  critieal  eurrent  as  a  function  of  magnetic  field  (perpendicular  to  the 
broad  face  of  the  eonductor)  at  different  temperature.  It  is  also  assumed  that  this  wire  is  0. 1  mm  thicjc 
d  has  additional  0.05  mm  thickness  of  copper  substrate. 

y  eharacteristic  parameters  of  the  field  winding  are  summarized  in  Table  2.6.  A  2  mm  wide 
ijiductor  is  operated  at  48%  of  its  eritical  eurrent  at  the  operating  temperature  of  35  K. 
e  field  winding  eonsists  of  226  turns  of  2  mm  wide  and  0. 15  mm  thick  conductor.  At  the  35  K 
rating  temperature,  the  eritical  current  at  the  maximum  field  (0.4  T)  experieneed  by  the  eonductoi’ 
?86  A  -  it  carries  425  A  during  full-load.  The  mean  radius  of  the  coil  is  446  mm  and  has  a  radial 
Id  of  5  mm.  Axial  length  of  the  field  coil  is  160  mm  and  uses  630  m  length  of  the  2  mm  wide 
hductor. 

e  armature  winding  eonsists  of  6  race  traek  coils.  Each  coil  employs  Roebel  eable  made  of  3  mm 
strands  eut  out  of  a  7  mm  wide  tape.  Key  details  of  the  armature  winding  are  summarized  in 

2.7. 
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Table 


Parameter 

Loss 

Loss  components  at  operating  temperature,  W 

-  armature  coil  thermal  conduction 

564 

-  field  coil  thermal  conduction 

110 

-  field  coil  current  lead  conduction 

22 

-  AC  loss  in  ReBCO  Field  coils 

499 

-  AC  loss  in  ReBCO  Armature  coils 

3369 

-  armature  current  lead  loss 

270 

Total  load  at  operating  temperature,  W 

4834 

Operating  temperature  of  armature,  K 

35 

Refrigerator  Coefficient  of  performance  (COP)* 

40 

Refrigeration  compressor  power  needed,  kW 

193 

Core  loss,  kW 

13 

Total  power  loss  at  rated  load,  kW 

196.0 

Total  power  generated,  MW 

14.6 

Efficiency  at  rated  load,  % 

98.6 

Weight  of  refrigeration  system*,  kg 

4.3 

*  Ref:  MIT 

Bperp  Field  (T)  “  i 


Fit.  2.45:  Critical  current  (A/m  width)  of  ReBCO  conductor  as  a  function  of  magnetic  field 
(p<jrpendicular  to  the  broad  face  of  conductor)  at  different  temperatures  (Source:  University  of 
Houston) 


Table 


Parameter 

Value 

University  of  Houston  ReBCO  wire 

Wire  width,  mm 

2 

Wire  thickness,  mm 

0.15 

Total  field  kA-turns  at  full  load 

96 

Maximum  perpendicularfield,  T 

0.4 

Selected  operating  temp.,  K 

35 

Critical  current  at  operating  temp.,  A 

886 

No-load  current,  A 

221 

Full-load  operating  current,  A 

425 

Number  of  turns  in  the  field  coil 

226 

Coil  cross-section  area,  mm2 

45 

Radial  build  of  field  coil,  mm 

5 

Axial  length  of  field  coil,  mm 

160 

Length  of  wire  used,  m 

630 

Aipiature  coils  are  manufactured  with  Roebel  cable.  Each  Roebel  cable  is  7  mm  wide  and  uses  3  miu 
strands.  Each  cable  has  15  strands  and  is  0.8  mm  thick.  With  insulation,  each  Roebel  cable  is 
wide  and  1.2  mm  thick.  The  critical  current  of  the  15  strand  Roebel  cable  is  19.9  kA  and  is 
rated  at  1800  A  peak  (9%  of  Ic).  The  operating  current  is  selected  as  a  small  fraction  of  the  critic 
rrent  for  two  reasons;  1)  limiting  AC  losses  in  the  35  K  operating  temperature  environment,  and  2) 
ithstanding  larger  current  during  a  short-circuit  fault  near  the  machine  terminals.  Each  coil  has  48 
and  total  length  of  Roebel  cable  used  in  the  armature  is  705  m. 
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Table 


Parameter 

Value 

Roebel  cable  made  from  ReBCO 

Strand  width,  mm 

3 

Number  of  strands  in  cable 

15 

Width  of  bare  cable,  mm 

7.0 

Thickness  of  bare  cable,  mm 

0.8 

Width  of  insulated  cable,  mm 

7.4 

Thickness  of  insulated  cable,  mm 

1.2 

Critical  current  of  cable  at  35  K,  kA 

19.9 

Operating  current  of  cable  at  35  K,  A 

1800 

Number  of  turns  in  an  armature  coil 

48 

Length  of  cable  used,  km 

705 

The  machine  generates  14.6  MW  at  phase  voltage  of  3.8  kV  (6.6  kV  line-line)  and  current  of  1,270  A. 
rm  s.  AC  field  experienced  by  each  coil  is  0.40  T  (peak-peak).  This  is  the  difference  between  the 
unidirectional  pulsating  field  under  each  pole  (Bmax  =  0.6  T  and  Bmin  =  0.2  T).  Total  active  length  of 
the  armature  coils  is  0.7  m.  However,  when  a  rotor  pole  aligns  with  a  stator  coil,  0.25  m  length  of  coil 
exaeriences  an  average  radial  field  of  0.6  T  and  the  other  0.25  m  experiences  0.2  T.  Thus  the  net  radial 
field  experienced  by  a  coil  is  difference  between  these  two  values  (0.40  T).  A  0.2  m  long  (axially) 
mild-section  of  the  coil  experiences  (theoretically)  no  radial  field. 


Bdth  armature  and  field  coils  are  insulated  with  Aeogel  (15  mm  thick).  Its  thermal  conductivity  is  5 
mW/m-K  and  total  conduction  into  the  cryogenic  region  is  564  W  for  the  armature  coils.  Aerogel 
thermal  barrier  is  expected  to  be  simpler  to  build  than  the  MLI/Vacuum  system,  because  it  does  not 
employ  metallic  parts  for  operation  in  the  AC  magnetic  field  environment  of  the  air  gap  of  the 
machine. 
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shown  in  Table  2.5,  the  total  thermal  load  at  the  low  temperature  is  4,830  W,  which  is  made  of  1^ 
rmal  conduction  through  Aerogel,  70%  AC  losses  in  the  armature  coils  and  10%  loss  in  the  field 
ihding.  On  the  basis  of  a  COP  ratio  of  40  for  removing  losses  from  the  35  K  environment,  193  KW 
compressor  power  would  be  required.  Additionally,  6  kW  loss  is  generated  in  the  iron  core.  Thus, 
total  196  kW  loss  for  14.6  MW  generated  power  yields  an  overall  efficiency  of  98.6%. 
e  ReBCO  conductor  is  quite  expensive.  It  is  possible  to  operate  windings  at  even  lower  temperatijn 
minimizing  use  of  superconductor  at  expense  of  larger  cooling  system.  An  optimization  study 
(|)uld  be  necessary  to  find  a  sweet  spot  that  balances  superconductor  quantity  and  cooling  system  si^ 
minimizing  matrices  of  cost,  size  and  weight. 

ichine  component  mass  distribution  is  provided  in  Table  2.7.  The  machine  frame  is  assumed  to 
mm  thick  cylinder  applied  at  the  outside  diameter  of  the  iron  core  and  has  50  mm  thick  end 
vers.  Total  machine  weight  is  7,700  kg  and  system  weight  is  12,000  kg  -  including  4,300  kg  for  tlji 
ogenic  cooling  system. 
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Table  2.7:  Summary  of  ReBCO  machine  component  mass 


Component 

Mass  (kg) 

Rotor 

2,660 

Stator  iron 

2,020 

Stator  case  (frame) 

3,000 

Cryogenic  system 

4,300 

Total  machine 

12,000 

Th 


e  conclusions  of  the  ReBCO  Homopolar  machine  are  summarized  below; 

AC  Homopolar  machines  employing  ReBCO  field  and  armature  windings  are  expected  to  yield  the  m 
compact  and  light  weight  generators 
Expected  efficiency  ~98.6%  appears  to  be  attractive 

Rotor,  made  of  solid  magnetic  steel,  requires  no  active  cooling  (other  than  small  losses  in  the  rotor 
pole  faces  due  to  armature  generated  harmonics) 

ReBCO  Roebel  cable  is  commercially  available  from  General  Cable  Superconductor  of  New  Zealand 
ReBCO  could  be  operated  at  50  K  but  will  require  longer  length  of  conductor 
More  detailed  design  and  optimization  is  needed  for  a  better  assessment  of  potential  of  such  machi 
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2.15.5  MgB2  in  the  rotor  and  armature  windings 

Th  e  configuration  of  the  AC  Homopolar  machine  employing  MgB2  superconductor  windings  is  the 
same  as  discussed  above  for  the  ReBCO  machine.  Both  armature  and  field  coils  employ  MgB2 
superconductor  operating  at  20  K.  All  other  features  and  parameters  remain  unchanged. 

Key  features  of  the  machine  build  with  MgB2  are  summarized  in  Table  2.8.  This  machine  generatels 
14.6  MW  at  233  Hz  while  operating  at  7,000  RPM.  The  overall  efficiency  of  the  machine  is  expected 
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to  be  98%,  which  meets  the  98%  ONR  requirement.  Total  ampere-tums  of  the  field  coil  (at  full-load|) 
are  96,000.  Each  phase  of  armature  coils  (2  coils  together)  has  172  kA-tums.  The  overall  diameter 
and  axial  active  length  are  1.22  m  and  0.7  m,  respectively.  The  mass  of  the  machine  alone  is  7,700 
that  translates  to  a  power  density  of  1.9  kW/kg.  The  mass  of  the  cryogenic  cooling  system  is  expecti 
to  be  6,100  kg.  Thus  the  total  system  mass  is  13,800  kg,  which  also  is  well  within  the  ONR 
reiiuirements. 

Table  2.8:  AC  Homopolar  machine  employing  MgB2  superconducting  windings 


Parameter 


Value 


Power,  MW 

14.6 

Rated  speed,  RPM 

7,000 

Number  of  poles 

4 

Frequency,  Hz 

233 

Efficiency  at  full-load,  % 

98 

Field  winding  current  at  full-load,  kA-turns 

96 

Armature  current/phase,  kA-turns 

172 

Overall  diameter,  m 

1.22 

Active  length,  m 

0.7 

Overall  axial  length,  m 

1.4 

Machine  weight,  kkg 

7.7 

-  shaft 

0.05 

-  rotor  yoke 

2.38 

-  poles 

0.24 

-  stator  iron  yoke 

2.02 

-  stator  case 

3.00 

Total  machine  weight 

7.7 

Cryogenic  cooling  system  weight,  kkg 

6.1 

Total  machine  system  weight,  kkg 

13.8 
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e  machine  is  designed  using  the  MgB2  conductor  available  from  Hypertech  Research.  The  standarc 
diameter  is  0.85  mm.  The  field  winding  employs  this  wire  with  a  critical  current  of  465  A  at  20 
and  0.3  T.  The  critical  current  as  a  function  of  magnetic  field  at  different  temperature  is  shown  in 
2.46. 
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Fijj.  2.46:  Critical  current  of  a  0.85  mm  diameter  wire  as  a  function  of  field  at  different  temperatures 

Key  eharacteristic  parameters  of  the  field  winding  are  summarized  in  Table  2.9.  A  0.85  mm  diameter 
conductor  is  operated  at  ~30%  of  its  eritical  eurrent  at  the  operating  temperature  of  20  K.  The  coil  is 
thermally  insulated  with  18  mm  thick  layers  of  Aerogel.  The  field  winding  has  1035  turns.  Field 
current  is  135  A  (full-load)  at  the  operating  temperature  of  20  K.  The  eoil  cross-section  is  5  mm 
(ra  dial)  x  164  mm  (axial).  Total  length  of  wire  used  is  ~2900  m. 

Table  2.9:  MgB2  field  winding  details 


Parameter 

Value 

HyperTech  2G  MgB2wire 

Wire  diameter,  mm 

0.85 

Total  field  kA-turns  at  full  load 

96 

Maximum  perpendicular  field,  T 

0.3 

Selected  operating  temp.,  K 

20 

Critical  current  at  operating  temp.,  A 

465 

Full-load  operating  current,  A 

93 

Number  of  turns  in  the  field  coil 

1035 

Coil  cross-section  area,  mm2 

748 

Radial  build  of  field  coil,  mm 

5 

Axial  length  of  field  coil,  mm 

170 

Length  of  wire  used,  km 

2.9 
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Armature  winding  has  the  same  race  traek  eoil  configuration  as  for  the  ReBCO  design  diseussed 
her.  However,  a  15-strand  cable  of  MgB2  replaees  the  ReBCO  Roebel  eable.  More  details  of  thii 
nle  are  summarized  in  Table  2. 10  and  Fig.  2.47.  The  eable  is  rectangular  in  shape  with  bare  width 
height  of  2.7  mm  and  3.9  mm,  respeetively.  Insulated  cable  dimensions  are  also  shown  in  the 
.  The  strand  bundle  is  wrapped  with  1-mil  thick  stainless  steel  tape  with  a  small  gap  between 
acent  tape  turns. 

e  coil  pack  shown  in  Fig.  2.47  is  sandwiched  between  adjacent  stainless  steel  tubes  (similar  to  thok 
Fig.  2.36).  Each  cooling  tube  is  50  mm  wide  and  2.5  mm  tall  and  has  a  wall  thiekness  of  0.1  mm. 
Cold  helium  is  eireulated  in  these  tubes  for  maintaining  the  eoils  at  the  desired  operating  temperature . 
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It  s  assumed  that  the  whole  coil  assembly,  including  winding  pack  and  cooling  tubes,  will  be 
impregnated  with  a  thermally  conductive  but  electrically  non-conductive  epoxy  (TBD).  Total  eddy- 
current  loss  in  the  cooling  tubes  is  430  W,  which  is  a  small  fraction  of  total  AC  losses. 

critical  current  of  the  cable  is  7.0  kA  and  is  operated  at  1.8  kA.  The  ratio  between  the  operating 
current  and  critical  current  is  kept  low  for  minimizing  AC  losses  during  the  normal  operation.  AC 
losses  in  the  armature  coils  were  calculated  using  analysis  described  in  section  6.c.  The  analysis 
equations  were  incorporated  in  the  design  code. 


Table 


Parameter 

Value 

MgB2  cable 

Strand  diameter,  mm 

0.85 

Number  of  strands  in  cable 

15 

Number  of  strands  in  cable  width 

3 

Number  of  strands  in  cable  height 

5 

Width  of  bare  cable,  mm 

2.6 

Height  of  bare  cable,  mm 

4.3 

Width  of  insulated  cable,  mm 

3.0 

Heinght  of  insulated  cable,  mm 

4.7 

Critical  current  of  cable  at  20  K,  kA 

7.0 

Full-load  operating  current  of  cable  at  20  K,  kA 

1.8 

Number  of  turns  in  an  armature  coil 

48 

Length  of  MgB2  cable  used,  m 

723 

The  machine  generates  14.6  MW  at  phase  voltage  of  3.8  kV  (6.6  kV  line-line)  and  current  of  1,260 
rm  s.  AC  field  experienced  by  each  coil  is  0.30  T  (peak-peak),  as  explained  previously.  It  would  be 
easier  to  build  saddle  shaped  race-track  coils  with  MgB2  cable  as  it  is  amiable  to  bending  in  both  x-y 
directions. 

Both  armature  and  field  coils  are  insulated  with  Aerogel  (15  mm  thick).  Its  thermal  conductivity  is  5 
mW/m-K.  Total  thermal  load  at  20  K  is  3.52  kW,  which  includes  AC  loss  of  2.8  kW  (39  W  in  field 
winding,  and  2.77  kW  in  armature  winding),  a  thermal  conduction  load  of  712W  in  transmitted 
through  the  aerogel  insulation,  and  current  lead  conduction  of  270  W.  The  compressor  power  with  o 
COP  of  80  is  282  kW.  Additionally,  6  kW  loss  is  generated  in  the  iron  core.  Thus,  there  is  a  total  lops 
of  288  kW  for  14.6  MW  generated  power  which  yields  an  overall  efficiency  of  98%. 
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Fijj.  l.Al:  An  armature  coil  cross-section  with  turn  details  -  (MgB2  strands  in  a  cable) 

Machine  component  mass  distribution  is  provided  in  Table  9.  The  machine  frame  is  assumed  to  be  a 
mm  thick  cylinder  applied  at  the  outside  diameter  of  the  iron  core  and  has  50  mm  thick  end  covers. 
Total  machine  weight  is  7,700  kg  and  system  weight  is  13,800kg  -  including  6,100  kg  for  the 
crmgenic  cooling  system. 


Coil  axis 


Coil  cross-section 
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Table  2. 1 1 :  Summary  of  MgB2  machine  component  mass 


Component 

Mass  (kg) 

Rotor 

2,660 

Stator  iron 

2,020 

Stator  case  (frame) 

3,000 

Cryogenic  system 

6,100 

Total  machine 

13,800 

Th 


e  conclusions  of  the  MgB2  Homopolar  machine  are  summarized  below: 

•  AC  Homopolar  machines  employing  MgB2  field  and  armature  windings  are  expected  to  yield  compac  t 
and  light  weight  generators 

•  Expected  efficiency  ~98%  equals  to  the  ONR  guideline 

•  Rotor,  made  of  solid  magnetic  steel,  requires  no  active  cooling  (other  than  small  losses  in  the  rotor 
pole  faces  due  to  armature  generated  harmonics) 

•  MgB2  cable  is  commercially  available  from  Hypertech,  Columbus,  OH 

•  MgB2  machine  is  expected  to  cost  less  than  ReBCO  machine  due  to  lower  cost  of  MgB2. 

•  More  detailed  design  and  optimization  is  needed  for  a  better  assessment  of  potential  of  such  machines 
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Comparison  among  machines  without  SC  in  the  rotor 

All  machines  designed  in  this  report  are  compared  in  Table  2.12  -  the  highlighted  components  excee 
the  ONR  requirements.  With  the  exception  of  the  switched  reluctance  machine,  all  other  machines 
mparable  in  size,  mass  and  efficiency.  On  the  basis  of  this  study,  it  difficult  to  justify  that 
3erconducting  stator  will  have  significant  advantage  over  copper  stator  (employing  air-gap  windin, 
Moreover,  the  copper  stator  is  likely  to  be  less  costly  and  risky  than  the  superconducting  stators, 
mmarized  below  are  key  features  of  each  type  of  machine; 

SRM  generators  is  too  heavy,  large  and  inefficient  and  does  not  satisfy  many  ONR  requirements 
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•  ACHP  employing  MgB2  field  winding  and  normal  copper  armature  winding  meets  all  ONR 
requirements;  its  mass  is  merely  700  kg  (6%)  more  than  the  ONR  requirement. 

•  •ACHP  with  all  MgB2  windings  meets  all  requirements  except  the  mass,  which  is  1,800  kg  (15%)  more 
than  the  requirement.  The  machine  alone  is  7,700  kg  but  the  cooling  system  mass  makes  the  system 
mass  exceed  the  ONR  requirements. 

•  Only  the  ACHP  with  ReBCO  windings  meets  all  requirements. 


All  key  parameters  for  MgB2  and  ReBCO  machines  are  strong  functions  of  superconductor 
characteristics;  such  as  critical  current,  operating  temperature,  and  AC  losses.  Improved  performanc 
of  superconducting  materials  could  have  positive  impact  on  the  attractiveness  of  superconducting 
stators. 

Nevertheless,  it  should  be  recognized  that  this  report  describes  design  approach,  assumptions  and 
results  using  the  current  state-of-the-art  of  various  technologies.  Designs  presented  are  essentially  fi^st 
pass  and  are  not  optimum  in  any  sense.  However,  on  the  basis  of  this  study,  all  AC  Homopolar 
machines  appear  to  be  acceptable  within  a  margin  of  (+/-  10%)  with  respect  to  the  ONR  requirementb 


Table  2.12:  Comparison  of  machines  without  SC  in  the  rotor 


Parameter 

SR 

ReBCO 

MgB2 

Cu/MgB2 

Power  rating,  MW 

14.0 

14.6 

14.6 

14.6 

Output  power  at  full-load,  MW 

13.3 

14.4 

14.3 

14.4 

Overall  axial  length,  m 

3.5 

1.4 

1.4 

1.7 

Total  mass,  kkg 

22 

12.0 

13.8 

12.7 

Mass  of  machine  alone,  kkg 

7.7 

7.7 

12.4 

Mass  of  cooling  system,  kkg 

4.3 

6.1 

0.7 

Efficiency  at  full-load,  % 

95.0 

98.6 

98.0 

98.7 

Core  loss,  kW 

2,000 

6.1 

6.1 

10.1 

Cryocooler  load,  kW 

1,500 

193 

282 

10.9 

Copper  coil  loss,  kW 

158 

Armature  cooling  power,  kW 

15.8 

Superconductor  operating  temp.. 

20 

35 

20 

20 
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2i7  Machine  Configurations  Optimization  and 

OMPARISON 

After  performing  the  analysis  of  the  subcomponents,  we  revisited  the  main  designs  and  worked  out 
parametric  analysis,  to  determined  sweep  spots  for  future  work.  Two  designs  were  performed,  one 
RliBCO  and  the  second  one  for  MgB2.  The  designs  were  based  upon  the  toroidal  stator  configuratioi|i 
Th  e  designs  constrains  was  a  rotor  diameter  of  less  than  70  cm,  operationg  at  7000  rpm.  The  iar  gap 
7  cm,  out  of  which  5  cm  is  for  mechanical  containments  and  2  cm  is  for  the  cryostat  and  physical  gajj) 
The  magnetic  flux  is  limited  so  that  the  iron  core  is  not  saturated,  so  Bmax  ~  1.6  T.  Finally  for  the  c 
of  MgB2  it  is  assumed  that  there  is  a  10  cm  gap  between  the  stator  core  and  the  stator  coil  outer  legs. 
Figure  2.48  shows  the  schematics  for  the  two  generators  assumed  for  the  designs. 
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jure  2.48  Toroidal  stator  configurations  for  post-study  evaluation,  with  air  core  rotor, 
the  case  of  the  YBCO  armature,  the  windings  are  in  slots  both  in  the  inner  leg  as  well  as  the  outer 
.  In  the  case  of  MgB2,  the  inner  leg  is  in  slots,  but  the  outer  leg  return  is  in  air  (in  order  to  enable 
iembly,  as  shown  in  Section  5). 


In  the  case  of  MgB2,  we  performed  parametrics  in  two  cases,  without  iron  rotor  and  with  it.  In  the 
case  of  the  iron  rotor,  we  employed  both  a  smooth  iron  rotor  and  a  cut  iron  rotor.  Figure  2.49  shows 
the  iron  rotor  configurations. 


Fijjure  2.49  MgB2  stator  winding  configurations,  with  iron  rotor  (cut  rotor  in  the  left,  smooth  rotor  hi 
the  right). 
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^MgB2  Air-Core  -  La  (m) 

-^YBCO  -  AirCore  -  La  (m) 
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-^MgB2  -  Iron  Smooth 
Rotor  -  La  (m) 


Fijjure  2.50  Comparison  of  designs,  for  YBCO  and  MgB2.  Shown  is  the  active  length  vs  the  specific 
torque. 
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Figure  2.50  and  2.5 1  show  the  results  from  the  optimization.  The  active  length  of  the  machine,  as  a 
ction  of  the  specific  torque,  is  shown  in  Figure  2.50.  The  specific  torque  includes  a  crude 
1  imation  of  the  power  and  weight  of  the  cryogenic  system,  including  the  refrigerators.  Clearly  the 
sign  with  an  MgB2  air  core  has  substantially  better  specific  torque,  and  active  lengths,  than  then 
ers  investigated.  It  is  possible  to  have  a  machine  with  a  specific  torque  of  about  5  Nm/kg,  which 
[responds  to  about  3.5  kW/kg.  This  metric  is  substantially  higher  than  the  Navy  goal,  which  is  abdut 
2  kW/kg  in  the  medium  term  [Kuseian].  The  active  length  is  decreased  from  the  baseline  machine 
about  60-70  cm,  making  the  generator  also  shorter  .  By  comparison,  the  design  with  the  closest 
ecific  torque  to  air  core  MgB2  design  is  the  YBCO,  with  about  2/3  of  the  specific  torque,  with  aboiit 
ce  the  length.  The  iron  rotor  machines  with  MgB2  are  substantially  worse,  and  do  not  even  meet 
desired  metrics  in  the  neat  term. 

^ure  2.51  shows  the  corresponding  AC  losses  for  the  4  designs.  The  values  are  the  actual  losses,  nbt 
power  required  by  the  refrigerator  (which  is  sensitive  to  the  temperature  of  operation  and  the  size 
he  unit.  In  section  9  there  is  a  discussion  of  the  AC  losses.  Although  the  AC  losses  in  the  MgB2 
core  designs  are  higher  than  those  of  the  MgB2  with  iron  rotor,  the  losses  are  only  about  twice 
se  of  the  minimum  for  the  iron  cut  rotor.  Thus,  even  with  somewhat  larger  losses,  the  MgB2  air 
e  machine  is  superior  to  the  MgB2  iron  rotor  designs,  when  including  the  issues  illustrated  in  Figijire 
$0. 

e  YBCO  designs  have  higher  losses,  but  because  of  the  higher  temperature  of  operation  (about  50 
,  then  electrical  load  for  the  refrigerator  is  actually  smaller.  The  problem  with  YBCO  is  that  it  is  nht 
ar  how  to  remove  the  heat  from  the  superconductor.  Some  potential  approaches  were  described  ir 
thi  section  fro  the  homopolar  generator.  Section  2.6,  Figure  2.36. 
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“^MgB2  Air-Core  -  AC  losses 
(W) 

-^YBCO  -  AirCore  -  AC  tosses 
(W) 

“•“MgB2  -  Iron  Cut  Rotor  -  AC 
losses  (W) 

---MgB2  -  Iron  Smooth  Rotor 
-AC  losses  (W) 


Fijrure  2.5 1  Comparison  of  designs,  for  YBCO  and  MgB2.  Shown  is  the  AC  losses  vs  the  specifie 
torque. 


The  optimized  design  is  shown  in  Figure  2.52.  The  features  are  14  MW  at  7000  rpm,  3  phases  at  4.5 
k\',  an  outer  diameter  of  1.  6m  and  a  length  of  0.8  m.  The  specifie  torque  is  5.1  Nm/kg  and  a  mass, 
including  the  cryostat,  of  3.9  tons.  The  cable  in  conduit  conductor  (CICC)  operates  at  one  third  of  th 
critical  current. 
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jure  2.52  Machine  specifications  of  a  potentially  attractive  design  with  MgB2,  with  air  core  rotor. 
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31  Weight  reduction  by  iron  eeimination 

Th  e  weight  of  the  maehine  is  dominated  by  the  iron  that  is  used  as  an  environmental  shield,  that  is,  the 
ba:kiron.  The  iron  used  in  the  rotor  is  a  small  fraction  of  that  iron.  As  shown  in  the  pervious  sectiori, 
the  lightest  generator  occurs  with  systems  that  do  not  have  either  a  back  iron  or  teeth.  However,  the 
overall  weight  (including  the  refrigerator)  makes  for  a  overall  larger  machine,  unless  light  refrigerato|r; 
(as;  being  developed  using  Turbomachinery,  such  as  Reverse  Turbo-Brayton  systems)  are  used. 

Fiture  3.1  shows  a  concept  with  a  stator  with  both  teeth  and  back  iron  (Figure  3.1a)  and  one  that  do|es 
not  use  iron  (Figure  3.1b),  but  instead  uses  a  image-current  shield  (or  resistive  shield).  Substantial 
weight  reduction  occur,  although  the  generator  requires  higher  magnetic  drive  because  of  the  increas 
reluctance,  as  well  as  less-than  optimum  use  of  the  magnetic  field  produced. 
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Figure  3.1  Magnetic  vs  resistive  shield  stators 

r  Navy  applications,  there  is  the  requirement  of  shielding,  as  magnetic  signature  is  used  for  locatioln 
of  the  ship  over  open  waters.  Thus,  it  is  needed  to  replace  the  iron  used  for  shielding  with  other  type  of 
elding.  We  have  considered  the  use  of  resistive  shields,  where  the  magnetic  iron  is  replaced  with 
cohducting  elements  that  generate  eddy-induced  currents  used  for  shielding. 


3.1  Solid  shield. 

Th  e  frequency  of  the  induced  current  for  our  machines  (operating  at  7000  rpm  with  2-poles)  is  about 
120  Hz.  At  that  frequency,  the  skin  depth  is  short,  on  the  order  of  5  mm.  In  aluminum,  a  preferred 
material  because  of  the  conductivity  to  weight  ratio,  the  skin  depth  is  slightly  larger.  The  skin  depth 


is 


ca  culated  as  shown  in  Table  2.1 


Table  2.1  Skin  depth  calculations 
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(meters  ) 


w- 


ord 


m; 

3. 

w 


p  =  resistivit y(ohm  -meters) 
f  -  frequency  (Hz) 

wever,  because  of  the  small  skin  depth,  the  power  density  of  the  induced  currents  in  a  solid  mater 
(|)uld  be  very  large,  with  losses  on  the  order  of  300  kW  in  a  1-m  machine,  with  power  density  on 
er  of  5  W/cm^3.  It  is  difficult  to  remove  all  this  heat,  which  also  decreases  the  efficiency  of  the 
ichine  by  about  2  percentage  points. 
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2  Litz-wire  shield. 

have  considered  a  design  that  uses  the  equivalent  of  Litz  wire  used  in  high  frequency  electrical 
ichine  operation 

^ure  3.2  shows  the  concept.  Instead  of  a  solid  conductor,  the  conductor  is  made  from  strands  that 
isted  or  twisted  and  transposed.  By  twisting,  the  current  over  the  conductor  radial  thickness  can 
ade  uniform  (as  any  element  is  equivalent  to  its  neighbor.  The  current  is  thus  distributed  over  the 
ial  thickness,  decreasing  both  the  total  power  as  well  as  the  power  density.  With  a  radial  thicknesls 
10  cm,  the  power  can  be  decreased  by  about  a  factor  fo  10,  to  30  kW,  comparable  to  the  iron  losses 
the  case  of  a  generator  with  back-iron  (magnetic  losses  of  those  systems  are  typically  about  .3% 
power  of  the  machine). 
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Figure  3.2  Squirrel-cage  resistive  shield 

In  order  to  gain  with  weight  reduction,  the  resistive  shield  is  made  from  aluminum.  If  each  conductolrs 
are  made  from  less  than  64  strands,  a  simple  twisting  process  is  all  that  is  needed  to  produce  uniform 
current  density  (that  it,  transposition  is  not  needed.  Transposition  is  a  method  of  making  the  conductc 
suoh  that  they  are  stochastically  moved  with  respect  to  each  other,  resulting  in  a  system  where  each 
conductor  is  the  same  a  any  other  conductor.  In  the  case  of  twisting,  for  example,  the  relationship 


between  neighbors  is  maintained.  However,  it  has  been  shown  that  for  less  than  64  conductors, 
twisting  is  all  that  is  needed.  [Sullivan] 

With  1  cm  strands,  and  a  depth  of  10  cm  and  a  width  of  8  cm,  we  can  fit  about  64  strands.  Thus,  eac 
conductor  shown  in  Figure  3.2  would  be  10  by  6  cm,  made  from  64  1  cm  aluminum  strands.  Cooling 
the  system  would  be  substantially  easier  than  cooling  the  back  iron,  as  the  squirrel  cage  is  relatively 
porous. 

It  would  be  possible  to  decrease  the  signature  of  the  system  by  making  a  hybrid  shield.  Figure  3.3 
shows  on  such  configuration,  where  the  squirrel  cage  shield  reduces  the  bulk  of  the  signature,  but  a 
so  id  shield  outside  of  the  squirrel  cage  further  reduces  it.  The  additional  shield  could  either  be  a 
magnetic  shield  (i.e.,  a  solid  thin  hollow  cylinder  made  from  iron  or  other  magnet  material),  or  it  cou|ld 
be  a  resistive  shield. 
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igure  3.3  Combination  of  squirrel  cage  resistive  shield  and  solid  shield  (either  magnetic  or  resistive). 
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Th  e  end  effects  are  criticial  in  order  to  provide  an  uniform  current  density  through  the  length  of  the 
sh  elding  wires.  It  is  important  to  determine  whether  the  conductors  are  arranged  in  loops  or  are 
teiminated  in  an  element,  as  shown  in  Figure  3.1,  that  homogeneizes  the  conductors  (that  is,  all  of  th^: 
are  shorted  out).  It  is  necessary  to  make  all  the  elements  relatively  similar  to  each  other,  and  thus,  at 
the  ends,  if  they  are  just  shorted  out  to  a  ring  element,  currents  could  flow  preferentially  in  those  that 
are  in  the  inner  region  of  the  cable. 

W ;  have  evaluated  the  impact  of  the  required  terminations.  One  possibility,  if  there  are  issues  with 
shorting  the  elements  at  the  ends,  is  to  make  loops  of  the  conductors.  This  process  would  make  the 
inding  somewhat  more  complicated  and  reduce  some  of  the  efficiency  of  the  shield,  but  that  could 
ressed  by  using  a  hybrid  system,  as  shown  in  Figure  3.3. 

e  second  option,  more  attractive,  is  to  make  the  connection  at  the  ends  of  the  axial  wires,  sm; 
cross  section,  to  match  the  skin  depth.  If  this  is  the  case,  it  would  be  possible  to  short  the 
bles  to  the  ring  conductor  without  deviating  from  an  uniform  current  density.  Dissipation  w 
higher  at  the  ends,  but  since  they  are  relatively  small,  the  contribution  to  the  total  losses  is 
decreased. 
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3.3  Radial  flux  machines  with  electrically  conducting 

SHIELD 


jures  3.4  and  3.5,  show  the  flux  plots  for  designs  with  resistive  shields.  Figure  3.4  shows  the  ease 
t  includes  iron  teeth,  while  Figure  3.5  does  not  have  iron  teeth.  In  both  cases  there  is  a  perfectly 
hducting  wall  that  contains  the  magnetic  field  in  the  region  of  the  generator,  shielding  the  outside, 
the  case  of  iron  teeth,  there  is  large  shortening  the  of  the  magnetic  field  lines  in  the  region  of  the 
inductor,  reducing  the  effectiveness  of  the  generated  flux,  and  requiring  substantially  higher  peak 
ds  for  generating  the  required  electromotive  force. 

In  the  case  without  iron  teeth,  shown  in  Figure  3.5,  there  is  substantially  less  shortening  of  the  field, 
resulting  in  substantially  decreased  peak  fields. . 


Fi, 

tha 

CO 

In 

CO 

fie  I 


FLUX  DENSITY  B 
zoom(-(Rotor_radiu5 


1.19 

1.20 
1.15 
1.10 
1.05 
1.00 
0.95 
0.90 
0.85 
0.80 
0.75 
0.70 
0.65 
0.60 
0.55 
0.50 
0.45 
0.40 
0.35 
0.30 
0.25 
0.20 
0.15 
0.10 
0.05 
0.00 
0.00 


-0.2  -0.15  -0.1  -0.05 


0.05  0.1 


0.15  0.2 


Fiture  3.5  Flux  density  without  iron  teeth,  no  back  iron,  resistive  shield. 

It  should  be  noted  that  the  machine  without  iron  teeth  and  with  resistive  shield  was  the  lightest 
machine  of  those  scoped  in  Section  2.1.  Those  concepts  have  conventional  stators.  We  did  not 
evaluate  the  resistive  shield  concept  for  the  case  of  toroidal  stators.  It  may  be  interesting  to  do 
that  in  the  future. 
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The  Navy  and  ONR  have  previously  supported  superconducting  shielding.  It  is  possible  to  use  such 
elding  in  this  case.  However,  since  it  is  possible  to  reduce  the  weight  of  the  system  substantially  by 
ng  aluminum  conductors,  the  use  of  a  superconducting  shielding  is  not  necessary.  It  could  be 
efiil,  as  there  is  already  a  substantial  cryogenic  environment. 


3.3  References 
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Investigation  of  local  field  modification  to  control 

Ale  LOSSES 

One  possibility  for  decreasing  the  AC  losses  in  any  type  of  superconductor  is  by  reducing  the  field 
magnitude  in  the  region  of  the  superconductor.  The  loops  in  the  stator  need  to  link  field,  but  the  field 
the  location  of  the  superconductor  can  be  0  and  still  generate  an  EMF. 

Wb  have  investigated  both  ferromagnetic  elements  to  try  to  reduce  the  field,  as  well  as  conducting 
elements.  In  a  brief  summary,  the  idea  proved  not  to  work,  at  least  as  to  the  minimization  of  the  field 
Be  low  we  summarize  the  effort  to  minimize  the  fields  at  the  superconductor  using  ferromagnetic 
and/or  electrically  conducting  elements. 


at 


4.1  Magnetic  elements 

W ;  have  evaluated  the  impact  of  the  pole  number  by  performing  calculations  to  investigate  the  impabt 
of  using  magnetic  elements  to  guide  the  magnetic  field  away  from  the  superconductor.  As  mentionec 
above,  one  of  the  goals  is  to  minimize  the  use  of  iron,  as  iron  dominates  the  weight  of  the  machine. 
Instead,  we  use  an  image  shield  (electrically  conducting  elements). 

The  results  from  our  initial  studies  are  shown  in  Figures  4. 1-4.3.  Figure  4. 1  show  results  for  our 
baseline  superconducting  machine,  which  contains  both  iron  teeth  and  back  iron.  The  field  at  the  stat|or 
is  mostly  radial,  with  relatively  minor  fields  in  the  slots  for  the  armature  winding. 


Fig  4. 1  Field  profile  and  amplitude  in  the  presence  of  back  iron 


In  the  case  of  no  back  iron,  with  iron  teeth  and  an  image  shield,  the  field  profiles  are  illustrated  in 
Figure  4.2.  The  field  direction  is  in  the  azimuthal  direction,  resulting  in  little  FMF  generation.  The 
case  in  Figure  4.2  has  about  1/4  the  torque  from  that  in  Figure  4.1.  Part  of  the  decrease  is  the  reducer 
reluctance  of  the  magnetic  circuit,  with  a  lot  of  iron  replaced  by  air.  And  part  is  due  to  the  field 
generated  being  much  less  effective  in  generating  torque. 
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Fij^ure  4.2.  Field  profiles  and  field  lines  for  the  ease  with  iron  teeth  but  no  back-iron,  with  a  small  g^] 
between  the  back-iron  and  the  stator. 


Th  e  image  shield  in  Figure  4.2  is  placed  very  close  to  the  stator.  The  impact  of  moving  the  image 
sh  eld  away  from  the  stator  is  illustrated  in  Figure  4.3.  Although  less  of  the  field  is  in  the  azimuthal 
direction  in  the  region  of  the  stator,  there  is  still  a  lot  of  field  there.  The  azimuthal  field  not  only 
depreases  the  torque  of  the  machine,  but  it  increases  the  AC  losses  in  the  stator. 
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^ure  4.3.  Same  as  Figure  4.2  but  with  a  larger  gap  between  the  stator  and  image  shield. 


Th  e  case  with  larger  number  of  poles  shows  similar  effects.  Figure  4.4  shows  the  base  case,  assuming 
the  presence  of  back  iron.  The  flux  is  nicely  guided  by  the  iron  away  from  the  slots  in  between  teeth 
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Fijjure  4.4.  Baseline  configuration  for  an  8  pole  machine.  The  iron  region  is  shown  in  light  blue. 

Figure  4.5  shows  the  case  without  the  back  iron.  The  field  in  the  slots  increases  substantially,  with 
some  region  going  into  saturation.  What  is  happening  is  that  the  iron  is  actually  short-circuiting  the 
field  in  the  azimuthal  direction. 
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Figure  4.5.  Impact  of  the  use  of  iron  teeth  but  no  back-iron.  Iron  is  shown  in  light  blue. 
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eliminate  the  azimuthal  fields  in  the  stator,  we  have  investigated  the  option  of  a  split  rotor.  In  this 
e,  the  rotor  on  one  side  pushes  the  field  while  the  rotor  on  the  other  side  pulls  on  the  field.  We 
cribe  this  option  later  in  this  report. 


4.2  Electrically  conducting  elements 

As  the  magnetic  shielding  elements  were  ineffective  for  controlling  the  field  in  the  armature,  we 
explored  the  possibility  of  using  electrically  conducting  elements.  The  electrically  conducting 
elements  were  assumed  to  have  high  conductivity,  using  the  conductivity  of  copper  at  room 
temperature. 


e  concept  assumes  that  there  is  a  eondueting  element,  loeated  away  from  the  eryogenie  environme|r 
where  eurrents  can  flow  to  eliminate  the  externally  produeed  field  at  the  superconductor.  It  is  clear 
that  the  concept  will  not  remove  the  self  shield,  but  it  is  assumed  that  the  losses  due  to  the  self  shield 
will  be  small.  The  goal  of  this  part  of  the  program  is  to  ealeulate  the  required  amount  of  conductor  to 
sh  eld  the  field,  and  then  to  ealeulate  the  losses. 

W ;  determined  that  in  order  to  ealeulate  the  effeet,  it  could  not  be  performed  in  2D.  We  built  a  3D 
model,  shown  in  Figure  4.6.  We  assume  an  axial  extent  of  the  eonductor  of  10  em,  suffieient  to  mak^ 
the  end  effects  small. 


Fij^ure  4.6  3-D  model  of  the  eleetrical  conductive  shielding  of  the  supereonductor.  As  mentioned  in  tie 
text,  the  eleetrically  conducting  shield  is  at  room  temperature. 

As  shown  in  Seetion  2,  the  typical  field  in  the  supereonduetor  is  about  0. 1  T.  We  have  fixed  the  AC 
field  in  the  system  to  0.1,  homogeneous  (in  the  absence  of  currents  in  the  eleetrieal  eondueting 
sheaths). 

To  pical  results  for  an  inner  diameter  of  20  mm  and  shield  thiekness  of  2  and  6  mm  are  shown  in  Figure 
4.''.  Shown  in  the  Figures  are  eontours  of  magnetie  fields.  For  2  mm  thiekness  (left  plot),  the  field 
inside  the  eleetrically  conducting  sheath  is  about  0.09  T,  that  is,  the  field  has  been  deereased  by  aboult 
10%.  On  the  other  hand,  on  the  right,  with  a  wall  thiekness  of  6  mm,  the  field  has  been  deereased  by 
about  50%.  Thus,  the  shielding  is  somewhat  sueeessful,  but  at  1 17  Hz  (7000  rpm),  for  substantially 
more  effieient  shielding,  the  thickness  will  have  to  be  about  1  cm. 


Fijjure  4.7  Efficiency  of  electrically  conducting  shielding  for  2  mm  (left)  and  6  mm  (right)  wall 
thickness.  Background  field  is  0.1  T. 


Th  e  corresponding  plots  with  current  density  are  shown  in  Figure  4.8  for  the  same  cases  as  Figure  4.7 
As  expected,  the  total  current  density  is  0,  being  positive  on  one  side  of  the  shield  and  negative  on  th 
opposite  side.  The  peak  current  density  for  2  mm  thickness  is  about  2.110  A/m  while  for  6  mm  it  i  s 
2.6  10  A/m  .  Both  the  current  density  is  higher  in  the  case  of  the  thicker  wall,  but  also  it  is  thicknesp 
meaning  that  the  total  current  in  one  polarity  increases  substantially  for  the  case  of  6  mm,  by  about  a 
facptor  of  4,  contributing  the  substantial  shielding  of  the  magnetic  field  in  the  core. 
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^ure  4.8  Current  density  (flowing  in  the  axial  direction)  for  the  cases  shown  in  Figure  4.7 


W ;  have  calculated  the  losses  in  the  electrically  conducting  shield.  The  resistive  losses,  per  unit 
length,  as  well  as  the  field  in  the  core  of  the  electrically  conducting  shield,  are  shown  in  Figure  4.9. 
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^ure  4.9  Resistive  losses  and  remaining  magnetie  field  for  the  eleetrieally  eondueting  shield.  177 
d  0.1  T  applied  baekground  magnetie  field. 


Th  us,  the  eleetrieally  eondueting  shield  ean  be  effeetive.  However,  at  the  high  frequeneies  of  the  Nai 
operation,  it  results  in  high  power  dissipation.  It  should  be  noted  that  only  shielding  is  needed  in  the 
inner  leg  of  the  toroidal  stator.  There  are  144  turns  in  this  region,  with  a  length  of  about  0.6  m,  for  a 
total  length  of  100  m.  The  resistive  losses  are  then  about  150  kW,  whieh  deereases  the  effieieney  of 
th(j  generator  by  about  1%.  However,  more  importantly,  is  the  need  for  aggressively  eooling  the 
shield.  This  is  the  ehallenging  issues 


51  Stator  Winding  and  Assembly 

For  superconducting  stator  coil,  manufacturability  of  the  stator  assembly  and  stator  coil  is  one  of  the 
main  factors  to  determine  coil  shape.  The  main  goal  is  to  minimize  potential  risk  of  damaging  coils 
during  fabrication  and  assembly  while  controlling  cryogenic  heat  load  to  the  overall  cooling  system. 
H^re  is  a  breakdown  of  different  coil  configurations  investigated  during  the  project. 
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Figure  5.1  Breakdown  of  different  potential  coil  configurations 

5.1  Superconductor  Manufacturing  Method 

Th  e  main  superconductors  considered  for  this  section  are  YBCO  and  MgB2.  YBCO  tape  conductor 
cai  be  used  directly  during  the  winding  process  without  additional  process.  The  tape  form  lends  itse 
more  of  racetrack  geometry.  MgB2  comes  in  stranded  form,  so  it  is  not  as  limited  to  coil  geometry 
YBCO.  However,  how  MgB2  is  manufactured  can  limit  the  coil  forming  process.  There  are  two 
methods  to  process  MgB2:  ex  situ  and  in  situ.  An  ex  situ  technique  uses  pre-reacted  MgB2  powder, 
while  an  in  situ  technique  uses  precursors  of  MgB2  that  requires  a  reaction  temperature  up  to  650+°( 
to  form  MgB2.  Even  though  MgB2  using  in  situ  technique  tends  to  have  better  current  carrying 
capability,  it  is  more  brittle  compared  to  the  ex  situ  technique.  This  high  temperature  requirement 
pnwents  certain  manufacturing  process,  such  as,  winding  and  reacting  superconducting  coils  around 
stator  teeth,  because  stator  lamination  and  coil  insulation  cannot  survive  such  temperature.  React  the 
superconductor  first  and  wind  it  into  a  coil  can  be  challenging  because  of  the  lack  of  ductility. 

5.2  Number  of  Legs  per  Slot 

Slot  filled  ratio  is  the  area  percentage  of  conductor  inside  the  slot  over  the  slot  area.  One  leg  per  slot 
has  higher  slot  fill  ratio  because  it  has  less  insulation  compared  to  two  legs  per  slot  configuration, 
this  usually  allows  one  leg  per  slot  configuration  to  have  higher  current  and  flux  level  inside  the 
machine.  However,  this  parameter  affects  the  coil  shape  and  how  coils  are  inserted  into  the  slot. 
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Be  sides  the  number  of  legs  per  slot,  methods  to  form  a  coil  have  an  effect  on  coil  configuration.  For 
traditional  electric  machinery,  eoils  are  divided  into  two  categories:  form  wound  and  random  wound, 

Form  wound  eoil  represents  a  coil  that  is  wound  and  formed  on  an  outside  fixture  and  wrapped 
insulation.  Form  wound  coil  has  a  well-defined  geometry  where  not  only  the  eross  seetion  of  th(; 
il  is  constant  along  the  eore,  but  the  position  of  eaeh  conduetor/tum  is  fixed.  After  fully  formed,  each 
il  is  laid  into  the  proper  loeation  inside  the  maehine.  Random  wound  eoil  can  be  wound  direetly 
side  the  maehine  or  on  an  outside  fixture  but  the  position  of  eaeh  conductor  is  not  fixed  along  the 
gth  of  the  core,  hence  “random”,  and  relies  mostly  on  the  insulation  of  eaeh  individual  strand. 

Figure  5.2  shows  a  comparison  between  random  wound  and  form  wound  stator. 
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jure  5.2Comparison  between  a)  random  wound  and  b)  form  wound  stator 


5.B.1  Random  Wound  Coil 

Random  wound  eoils  are  used  traditionally  for  low  HP  and  low  voltage  maehines.  Bundles  of  small 
magnetic  wires  are  formed  and  pressed  into  final  eoil  shape  after  inserting  into  the  slot,  so  the  eoil 
shape  tends  to  be  less  defined.  Sinee  MgB2  eomes  in  the  stranded  form,  random  wound  was 
considered  as  a  potential  configuration  for  the  stator  coil.  Figure  5.3  shows  a  coneeptual  model  of 
random  wound  stator. 
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Figure  5.3:  Partial  stator  view  for  a  random  wound  stator  (left),  cross  section  of  a  form  wound  coil 
(center)  and  illustration  for  random  wound  configuration  using  superconductor  (right) 


One  drawbaek  for  the  random  wound  maehine  is  poor  insulation  protection,  which  leads  to  early 
machine  failure,  especially  for  high  voltage  maehines.  As  seen  in  figure  5.3,  a  random  wound  stator 
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uses  only  slot  liner  compared  to  many  layers  of  insulation  used  in  form  wound  coil.  The  insulation 
protection  is  the  reason  why  most  high  voltage  large  motors  use  form  wound  coils  even  though  the 
manufacturing  process  is  more  labor  intensive  and  expensive.  Another  concern  for  this  configuration]  is 
the  complex  bending  geometry.  The  nesting  pattern  near  the  end  turn  shows  the  intricate  weaving 
between  strands.  Traditional  conductor  material,  copper,  is  very  malleable,  but  unfortunately, 
superconductor  may  not  be  able  to  survive  such  complex  bends  while  maintaining  its  current  carryin: 
capability.  If  the  coil  is  formed  using  the  CIC  method,  another  potential  concern  is  the  bending  radiu^ 
of  the  stainless  steel  jacket  and  the  cooling  tube  inside. 

5.3.2  Form  Wound  Coil 

Th  e  rest  of  the  section  will  discuss  several  different  types  of  form  wound  coil  configurations. 

5.3.2. 1  Full  Diamond  and  Half  Coil 

Full  diamond  coil  is  the  most  common  form  wound  coil  used  in  large  electric  machinery.  Because  al 
coils  are  the  same,  once  the  setup  is  in  place,  coils  can  be  built  from  a  single  setup.  One  potential 
llenge  to  use  diamond  coil  configuration  with  superconductor  is  the  knuckle  region,  shown  in 
^ure  5.4.  Around  the  knuckle  bend,  a  generous  bending  radius  is  needed  to  prevent  damage  to  the 
perconductor  and  the  cooling  tube  for  CIC  configuration.  One  way  to  circumvent  the  issue  is  to  us^ 

0  half  coils  joined  by  a  special  connector.  This  method  is  used  for  traditional  coils  with  embedded 
oling  tubes.  The  connector  serves  both  as  an  electrical  and  hydraulic  connector. 


E\  en  though  half  coil  configuration  can  sidestep  the  knuckle  problem,  it  does  introduce  additional  joint 
per  coil.  For  the  entire  stator,  this  doubles  the  number  of  joints,  which  are  potential  quench  and  heat 
leak  locations.  The  additional  heat  leaks  will  raise  the  cryogenic  cooling  requirement  and  lower  the 
overall  system  efficiency. 


5. 3. 2.2  Saddle  Coil 


Axial  saddle  coil 


Cranked 
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Radial  saddle  coil 
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jure  5.5:  Axial  saddle  coil  (left)  and  radial  saddle  coil  (right) 
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r  saddle  coil  seen  in  figure  5.5,  the  sharpest  bending  angel  is  90°  at  the  cranked  region.  The  one  leg 
per  slot  design  is  the  reason  for  the  cranking;  it  allows  one  coil  leg  to  cross  over  other  coil  legs.  For 
oerconducting  tape,  the  cranked  region  may  require  special  attention  because  of  the  edge  bending 
ound  the  tape.  The  difference  between  the  two  configurations  is  the  end  region.  Axial  saddle  coil 
upies  more  axial  space  in  the  end  region  while  radial  saddle  coil  requires  more  space  radially.  To 
^ert  the  coil  into  the  slot,  radial  saddle  coil  will  require  a  much  more  complicated  split  core  assembll; 
ich  will  be  discussed  in  later  section.  Unlike  diamond  coil,  saddle  coil  configuration  requires  more 
(bling  to  adjust  for  different  coil  shapes  and  sizes.  Lastly,  because  of  the  coil  pattern,  the  lowest  pol 
unt  for  this  configuration  is  4  pole. 
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5.12.3  Cranked  Coil 

Cranked  coil  (figure  5.6)  is  a  hybrid  design  between  the  diamond  and  the  saddle  coil.  It  has  both  the 
cranked  and  the  knuckle  region,  so  the  challenge  is  the  bending  radius.  Like  the  diamond  coils,  all  th 
coils  are  the  same,  so  a  single  setup  can  be  used  to  build  every  coil. 


Cranked 


jure  5.6:  Cranked  coil  configuration 


5. 3. 2.4  Ring  Coil 

Comparing  with  other  coil  configurations,  ring  coil  is  probably  the  least  complicated  and  the  most 
ap  pealing  from  the  manufacturing  point  of  view  because  of  the  familiarity  with  this  design  used  on 


su  Derconducting  rotor  field  coil.  This  configuration  is  especially  suitable  for  any  tape  conductors. 
There  are  3  main  configurations:  racetrack,  axial  and  toroidal  (figure  5.7). 


Figure  5.7:  Ring  configurations:  racetrack  (left),  axial  (center)  and  toroidal  (right) 

Another  advantage  for  ring  coil  is  the  possibility  of  individual  coil  cryostat.  Because  the  simplicity  o 
the  coil  shape,  it  is  possible  to  build  a  cryostat  around  the  coil.  Even  though  designing  and 
manufacturing  individual  cryostats  can  be  a  challenge  compared  to  building  a  cryostat  for  the  entire 
stator,  individual  cryostats  can  isolate  losses  and  lower  cryocooler  requirements  significantly. 
Normally,  if  the  entire  stator  is  in  cryogenic  temperature,  a  massive  cooling  power  from  the  cryocool|e 
is  needed  to  remove  superconductor  losses  as  well  as  core  losses  (kW  range)  from  the  stator.  By 
sejiarating  core  losses  from  losses  in  the  superconductor,  individual  cryostat  can  lower  the  cooling 
reiiuirement,  raise  overall  system  efficiency  and  minimize  cryocooler  footprint.  Core  losses  can  be 
removed  by  other  more  efficient  cooling  methods. 

For  axial  and  racetrack  configuration,  it  is  possible  to  have  two  legs  per  slot.  For  axial  configuration, 
one  of  the  limitations  is  the  bending  radius  in  the  ID  region.  The  space  constraint  in  the  ID  region 
controls  the  maximum  bending  radius  possible  in  that  region.  For  racetrack  configuration,  the  space  i 
between  the  teeth  limits  the  size  of  the  coil.  This  concept  was  evaluated  in  the  SRM  design,  but 
excessive  loss  and  inherent  high  torque  ripple  make  this  design  not  feasible  for  large  motors. 

As  mentioned  in  previous  section,  electromagnetically,  the  toroidal  configuration  has  a  great  potentia 
foi'  superconducting  stator,  but  one  of  the  major  challenges  with  toroidal  design  using  individual 
crmstats  is  the  stator  assembly.  For  the  toroidal  stator  with  regular  copper  coils,  winding  is  wound 
directly  onto  the  stacked  stator.  Unfortunately,  the  process  is  very  complicated  with  form  wound  coil|s 
in  individual  cryostats.  In  the  next  section,  several  potential  options  are  offered  on  how  to  build  a 
toroidal  stator  with  individual  cryostats. 

Be  low  is  a  summary  of  different  configurations. 

Table  5. 1 :  Summary  of  different  coil  configurations 


Ring/Rdcetrack  Coil 


Full 

Half  Coil 

Random 

Cranked 

Radial/Axial 

Axial  Flux 

SRM  Stator 

Toroidal  Stator 

Diamond 

Wound 

Coil 

Saddle  Coil 

Stator 

•  Manufg. 

•  No  knuckle 

•  Strand 

•  Single 

•  1  leg/slot 

•  Manufg. 

•  Manufg. 

•  Manufg. 

familiarity 

bend 

pattern 

setup 

familiarity 

familiarity 

familiarity 

•  Single 

like  (VIgBi 

•  Simple  90® 
bend 

*  Individual 

*  Individual 

*  Individual 

setup 

cryostat 

cryostat 

cryostat 

•  Single  setup 

•  Single  setup 

•  Single  setup 

•  Knuckle 

•  Increase 

•  Complex 

•  Knuckle 

•  Possible 

*  ID  space 

•  High  losses 

•  Complex 

bend 

joints 

bends 

bend 

complex 

assembly 

constraint 

•  High  torque 

Assembly 

•  Poor 

ripple 

insulation 

•  Cannot  use 

protection 

for  2  pole 

5.4  Stator  Assembly 

Ce  rtain  winding  configurations  require  special  assembly  processes.  The  process  is  strongly  influence|d 
by  the  cryostat  design  and  its  location  in  the  stator.  As  mentioned  before,  it  is  important  to  limit  the 
heat  load  into  the  cryocooler  because  of  the  large  core  losses.  This  means  it  is  critical  for  the  cryostat]  to 
intercept  heat  loads  from  certain  components  while  relying  on  other  cooling  methods  to  remove  heat 
els  ewhere. 

5.4.1  Radial  Saddle  Coil  Stator  Assembly 

To  pically,  the  stator  is  stacked  and  pressed  before  inserting  coils  through  stator  ID.  It  is  not  possible 
foi'  radial  cranked  coil  configuration  because  of  the  coil’s  long  end  turns.  Since  it  is  still  too 
complicated  to  build  a  cryostat  around  each  coil,  cryostat  can  be  built  to  separate  (stator  teeth  +  coils]) 
and  (stator  backiron).  Instead  of  absorbing  all  the  stator  losses,  cryostat  only  has  to  absorb  the  losses 
from  stator  teeth  and  coils.  The  losses  are  still  significant,  but  not  unmanageable. 
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jure  5.8:  Stator  construction  for  radial  saddle  coil  configuration 


Here  is 


1) 

2) 

3) 

4) 

5) 

6) 


the  simplified  process  (figure  5.8) 

Form  coils  and  position  coils  in  designated  locations 

Add  inner  support  ring 

Insert  stator  teeth  onto  the  support  ring 

Attach  the  cryostat.  Cryostat  has  to  be  in  2  pieces  to  fit  over  the  coils  and  the  teeth. 
Lay  out  segmented  lamination  around  the  cryostat 
Stack  and  compress  the  stator  core. 


5.4.2  Racetrack  Coil 

From  the  manufacturing  (coil  and  stator)  perspective,  racetrack  configuration  is  the  easiest.  As  showh 
in  figure  5.9,  the  stator  backiron  can  be  stacked  like  the  traditional  machine,  and  the  stator  teeth  and  ihe 
racetrack  coil  can  be  assembled  similar  to  a  traditional  synchronous  field  pole  and  mounted  onto  the 
ba:kiron. 


4) 

5) 


5.4.3  Toroidal  Coil 

Th  e  methods  deseribed  below  show  3  ways  of  assembling  a  stator  with  form  wound  toroidal  coil. 
Method  1  (figure  5.10): 

1)  Setup  segmented  end  plates  with  built-in  supports 

2)  Each  coil  is  slide  in  between  the  plates  and  moved  to  the  side 

3)  Lamination  segment  is  inserted  sideway.  This  will  require  a  little  fitness  to  fit  the  lamination 
inside  the  coils. 


Need  to  use  locating  rods  on  the  OD  to  location  the  lamination’s  radial  and  tangential  positiop 
Alternate  the  lamination  so  the  seam  in  between  the  laminations  does  not  overlap  each  other. 


Method  2  and  3  (figure  5. 1 1)  are  very  similar: 

1)  Setup  supports  and  an  end  plate  with  an  opening 

2)  Slide  in  all  the  coils 

3)  Add  another  support  and  continue  to  shift  original  supports  and  the  coils  until  they  reach  prof|er 
position. 


4) 

5a) 

5bt) 

6) 

cai 


Close  up  the  end  plate  opening 
Install  gauges  to  locate  the  segmental  lamination 
Rotate  the  supports  and  coils  around  the  circle  to  install  lamination. 

Instead  of  using  segmented  lamination,  it  is  a  full  circle  lamination  with  a  slit.  The  laminatior 
be  installed  like  a  keychain  due  to  the  flexibility  of  the  lamination  and  the  slit. 


One  concern  for  this  configuration  is  stator  backiron  cooling.  Normally,  the  stator  backiron  can  be 
cooled  through  waterjacket  cooling.  Waterjacket,  a  built  in  water-air  heat  exchanger,  is  shrunk  onto  (fr 
wrapped  around  the  backiron,  and  the  losses  generated  in  the  stator  is  removed  through  direct  contac 
conduction  cooling.  With  this  toroidal  configuration,  it  is  challenging  to  implement  this  type  of  coolilng 
sc  leme  since  the  space  around  the  stator  OD  is  taken  up  by  half  of  the  coils.  To  remove  the  heat  from 
stator  core,  it  can  use  air  cooling  or  water  cooling  with  sophisticated  piping. 


5.14.4  AC  Homopolar  Stator 

For  AC  Homopolar  stator,  because,  at  different  parts  of  the  stator,  the  magnetic  field  can  travel  axially, 
az  muthally  and/or  radially  (figure  5.12),  the  stator  lamination  has  to  be  divided  into  different  sectior  s 
to  channel  the  magnetic  field. 
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jure  5.12:  magnetic  field  path  and  lamination  stacking  direction  for  AC  Homopolar  stator 


For  this  special  design,  there  are  multiple  stacking  sequences.  Both  ends  of  the  stator  core  are  stacke(|i 
ciicumferentially  while  the  middle  of  the  core  is  stacked  radially.  For  the  middle  of  the  core, 
lamination  can  be  stacked  in  the  form  of  a  steel  roll.  As  for  both  ends,  the  main  challenge  is  to  apply 
stacking  pressure  circumferentially.  As  the  lamination  stacked  in  a  circle,  gaps  in  the  OD  are  much 
laiger  than  gaps  in  the  ID  (figure  5.13).  One  method  is  to  exert  pressure  using  wedges  driven  in 
between  laminations.  Even  though  figure  5.13  shows  a  single  teeth  plate  with  tooth  acting  as  a  wedg^, 
it  can  also  be  several  segmental  teeth  plates.  Radial  pressure  is  applied  on  segmental  teeth  plates, 
which,  in  term,  apply  circumferential  pressure  to  the  lamination.  Once  sufficient  pressure  is  achieve4 
the  remaining  gaps  in  between  laminations  can  be  filled  with  epoxy. 


Fi 


jure  5.13:  Proposed  method  to  stack  circumferential  laminations 


Alter  each  section  is  stacked  and  pressed,  all  three  sections  are  pressed  against  each  other  axially  to 
foim  the  complete  core.  Since  sections  are  pressed  against  each  other,  there  will  be  a  discontinuity 
magnetically  between  the  seams.  The  reluctance  in  those  regions  needs  to  be  considered  during  the 
design. 
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Another  concern  for  this  design  is  the  heat  transfer  through  or  across  the  lamination.  For  materials,  lite 
Metglas®,  thermal  conductivity  is  9W/mK  parallel  to  the  plane  and  0.625  W/mK  normal  to  the  plant 
Since  stacking  direction  varies  in  the  core,  it  is  important  to  properly  design  the  heat  transfer  path  to 
move  heat  from  the  core.  Also,  since  this  design  has  three  cores  pressed  together,  contact  resistance 
il  play  an  important  role  for  the  heat  transfer. 


5.5  Joints 

Jo  nts  inside  the  stator  are  used  to  connect  coils  in  different  configurations.  Figure  5.14  is  an  exampl^ 
of  2  pole,  3  phase,  Wye  connection,  1  parallel,  72  coils. 
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Figure  5.14:  Connection  diagram  and  the  type  of  connection 

Th  is  diagram  does  not  show  the  number  of  interconnect  (connection  in  between  the  coils  in  the  same 
phase  group).  The  number  of  connections  is  78  total  (66  -  interconnections,  6  -  within  phase,  3  -  neu 
point  connection,  3  -  to  terminal  box).  For  14MW,  6.6kV,  1  parallel,  I  =  1224. 68A,  so  the  loss  due  to 
connection  is  I2R  x  78,  and  R  is  the  joint  resistance.  If  R  =  5e-6W,  the  loss  is  585W.  In  order  to  control 
the  heat  load  into  the  cryocooler,  less  number  of  coils  or  the  resistance  value  <  le-7W  is 
recommended. 

For  traditional  machines,  making  joints  involve  brazing  copper  wires  or  cables  in  between  the  leads. 

Tc  make  superconducting  joints,  space  constraint  inside  the  stator  and  bending  radius  are  some  of  th^ 
limiting  factors  to  consider.  The  space  for  interconnect  connection  in  between  the  coils  is  very  small 
because  the  coils  are  next  to  each  other.  Without  a  special  connector,  superconductors,  such  as  MgBl 
may  present  challenge  to  connect  each  strand  in  a  tight  location.  An  alternative  to  making  joints  insic  ( 
the  stator  is  to  pull  all  the  cables  into  a  terminal  box  and  make  the  connections  inside.  One  drawback 
the  cryogenic  requirement  for  the  entire  length  of  the  cable  as  well  as  inside  the  terminal  box. 
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5.4  Conclusion 

In  conclusion,  each  winding  configuration  has  advantages/disadvantages  and  is  influenced  by  many 
factors  (superconductors,  stator  assembly,  bending  radius... etc.).  At  the  same  time,  each  configuraticjn 
produces  different  electromagnetic  results,  so,  to  down-select  the  best  configuration,  it  is  a  balance 
between  manufacturability  and  performance.  Risk  assessment  has  to  be  made  to  address  the  potentia 
damage  to  the  superconductor  during  manufacturing. 


6  Superconductor  Options 

Th  ere  are  several  ehoiees  for  the  type  of  supereonduetor  to  use  in  the  stator  winding,  and  several  medns 
to  make  eables  out  of  them.  Figure  6.1  shows  the  variation  between  critieal  magnetie  field  and 
temperature  for  all  major  teehnieal  superconductors.  A  technical  superconductor  is  one  that  can  be 
produced  with  consistent  properties  over  long  enough  length  and  has  high  enough  critical  curr(mt 
density  to  be  usable  in  a  high  current  density  device.  The  processing  characteristic  for  etch 
superconductor  determine  the  form  of  the  composite  wire  that  can  be  manufactured  using  that  material. 
Some  conductors  are  available  as  fine  filaments  in  round  wire,  while  others  are  applied  as  coatings  on 
flat  tapes.  The  form  of  the  wire  in  turn  determines  the  available  cabling  technique. 


Figure  6.1.  Critical  magnetic  field  vs  temperature  for  technically  useful  superconductors. 


6J1  High  Temperature  Superconductor  Selection 

For  the  high  speed  stator  application  we  are  most  interested  is  superconductors  that  can  operate  at 
fields  at  temperatures  above  roughly  15~20  K.  We  are  interested  in  this  operating  temperature  rar 
because  it  offers  the  possibility  to  significantly  reduce  the  refrigeration  cost  associated  with  the  use 
superconducting  materials.  The  overall  efficiency  of  a  cryogenic  cooling  system,  rjov,  is  typical 
rejiresented  at  the  product  of  two  components.  The  first  is  the  Carnot  efficiency,  rjcamot,  which  is 
maximum  efficiency  that  can  be  achieved  for  an  ideal  refrigerator  that  absorbs  energy  at 
temperature,  Tl,  and  rejects  it  at  high  temperature,  Th.  The  second  is  the  coefficient  of  performan 
COP,  which  is  the  ratio  of  the  achieved  refrigerator  efficiency  to  the  Carnot  efficiency, 
comparison  purposes,  the  heat  rejection  temperature,  Th,  for  a  cryogenic  cooling  system  is  generajl 
takes  as  300  K. 
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T|ie  overall  refrigerator  efficiency  determines  the  electrical  input  power,  P,  needed  to  produce  l|)w 

p  —  Q  / 

rnperature  cooling  power,  Q.  ^Vov  . 

ur  types  of  superconducting  materials  have  undergone  significant  commercial  development  since 
covery  high  temperature  superconductivity  (HTS)  more  than  three  decades  ago.  All  four  are  capal 
operating  in  the  low  field  stator  environment  at  temperatures  above  20  K.  The  candidate  materi 
potential  use  in  a  high-speed  stator  include: 

BSCCO  -  2223:  This  is  the  first  HTS  material  to  be  extensively  commercialized.  The  conduct^: 
are  in  the  form  of  highly  compacted  ceramic  filaments  embedded  in  a  large  aspect  ratio,  sil 
matrix  tape.  The  compaction  is  used  to  achieve  high  current  density  in  the  filaments,  while  the 
structure  is  an  artifact  of  the  rolling  process  used  to  obtain  the  desired  crystallographic  orientati|' 
of  the  superconductor.  These  tapes  are  typically  on  order  of  0.2  mm  thick  and  4  mm  wide. 
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BSCCO  -  2212:  These  conductors  generally  consist  of  multiple  ceramic  filaments  in  a  round  silver 
matrix.  Recent  efforts  to  increase  the  current  density  in  these  conductors  have  focused  on  high 
pressure  processing  during  heat  treatment  as  a  means  to  compact  the  filaments  to  high  density. 


YBCO:  These  conductors  consist  of  continuous  superconducting  ceramic  films  deposited 
specially  textured,  high  aspect  ratio  metallic  substrates.  YBCO  tapes  are  typically  on  order  of 
mm  thick  and  between  4  mm  and  12  mm  wide.  YBCO  tapes  presently  exhibit  the  highest  effect 
critical  current  density  of  all  commercial  HTS.  Recent  development  efforts  have  investigated 
use  of  continuous  striation  along  the  length  of  the  coating  layer  as  a  means  to  reduce  ac  losses 
YBCO  tapes  in  the  presence  of  time  varying  magnetic  field. 
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MgB2\  This  is  actually  a  medium  temperature  superconductor,  with  a  critical  superconducti|ng 
temperature  of  39K.  MgB2  is  a  simple  ionic  binary  compound,  which  is  expected  to  be  cost 
competitive  for  moderate  temperature  applications  because  it  is  fabricated  using  readily  availat  le, 
common  materials.  Multifilamentary  MgBi  round  wires  generally  include  a  small  amount  of 
copper  to  improve  thermal  stability  in  an  otherwise  highly  resistive  metal  matrix. 

Because  of  their  generally  small  cross-sectional  areas,  the  critical  currents  for  all  four  high  temperatilire 
suoerconductors  are  typically  no  more  than  a  few  hundred  amperes.  To  achieve  the  1.4  kArms  specif  ed 
in  our  14  MW  reference  design  we  need  to  consider  cabled  conductors  built  up  from  several  HTS 
strands  acting  in  parallel.  The  production  of  a  superconductor  in  tape  form  generally  produces;  a 
directional  dependence  in  the  critical  current  vs.  magnetic  field  dependence  of  the  conductor;  ihe 
critical  current  for  given  field  is  typically  lower  when  the  field  is  directed  perpendicular  to  the  bre  ad 
face  of  the  tape.  By  comparison,  superconductors  that  can  be  processed  into  round  wires  are  generally 
fre  e  of  this  effect. 


2  Bl-2212 

During  the  past  few  years  there  has  been  renewed  interest  in  the  particle  accelerator  community 
develop  Bi-2212  based  superconductor  for  use  in  high- field  magnets.  Figure  6.1  shows  a  tremendif 
increase  in  the  high- field  capability  of  Bi-2212  at  temperatures  below  roughly  15  K.  The  critii 
current  performance  for  more  modem  strands  has  improved  considerably  due  to  the  introduction 
advanced  processing  techniques  like  over  pressure  processing  [Labalestier]  and  mechani 
compaction  [Huang]  that  increase  the  density  of  material  in  the  superconducting  filaments.  Magh 
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signers  are  also  interested  in  Bi-2212  because  it  can  be  processed  as  a  multi-filamentary  round 
inductor,  with  relatively  low  anisotropy  in  the  critical  current  with  magnetic  field  orientation. 
s  for  this  type  of  conductor  should  be  reasonable  low,  depending  on  achieved  filament  diameter  and 
^trix  resistivity.  We  became  interested  in  Bi-2212  for  possible  use  in  our  superconducting  stator 
ause  of  the  observed  cross-over  in  magnetic  field  capability  with  MgBi  at  temperatures  abc  ve 
jighly  30  K  in  Figure  6.1.  Although  the  minimum  achievable,  uncoupled  filament  diameter  in  ]3i- 
2  is  likely  to  be  significantly  larger  than  that  for  MgBi  [Otto],  resulting  in  higher  loss,  the  ability  to 
oplerate  at  higher  temperature,  where  Carnot  efficiency  is  proportionally  greater  may  result  in  net  gain 
in  overall  system  performance.  The  anticipated  minimum  filament  diameter  achievable  in  Bi-2212 
strands  is  roughly  30  pm,  which  is  three  times  larger  than  what  has  been  demonstrated  for  MgB2 
developmental  wires. 

Fij^ure  6.2  shows  the  projected  critical  current  performance  for  Bi-2212  strand  over  a  range  of 
magnetic  fields  and  operating  temperatures.  This  plot  is  based  on  simple  rescaling  of  historic  da  ta, 
us  ng  recently  measured  4.2  K  performance  data  as  a  guide.  This  rescaling  assumes  that  ihe 
performance  gains  are  based  solely  on  increase  in  filament  density  rather  than  any  inherent  change  to 
su  perconductor  behavior. 
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jure  6.2  Projected  performance  data  for  Bi-2212  strands  with  improved  filament  density. 
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6.1  compares  the  expected  total  loss  power  for  an  MgBi-based  superconducting  stator  operati 
a  nominal  temperature  of  20  K,  with  that  for  a  Bi-2212  based  stator  operating  at  a  nom 
ilnperature  of  40  K.  For  simplicity  only  the  magnetization  hysteresis  and  coupling  current  losses 
asidered  for  this  study.  The  hysteresis  loss  power  in  the  stator  conductor,  Ph,  was  calculated  usi 
relation: 
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where /is  the  electrical  frequency  of  the  generator,  /  is  the  magnetization  critical  current  density,  B, 
the  magnetic  field  amplitude,  J/is  the  filament  diameter,  A  is  the  filament  fraction  in  the  strand,  and 
is  the  active  strand  volume  in  the  stator  winding.  The  coupling  current  loss  power  in  the  strands  w 
calculated  using  the  relation: 
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where  p  is  the  resistivity  of  the  matrix  material  between  the  superconductor  filaments,  and  Lp  is  the 
twist  pitch  of  the  strand. 

B}  40  K  operating  temperature,  the  critical  current  density  of  the  Bi-2212  has  decreased  to  a  poKnt 
where  significantly  more  strand  area  is  needed  to  achieve  the  generator’s  rated  current  output, 
compared  to  the  20  K  operating  temperature  MgB2-based  CIC  shown  in  Figure  7.2.  The  combination 
of  large  filament  diameter  and  total  filament  volume  markedly  increases  the  loss  power  for  the  Bi-22 12 
based  stator. 

Table  6.2  compares  the  cryogenic  performance  of  MgB2  and  Bi-2212.  We  have  decided  not  to 
more  work  on  BI-2212,  as  it  does  not  seem  to  offer  substantially  advantages  for  rotati 
machinery  over  those  of  MgB2  (indeed,  it  seems  that  the  losses  are  higher  for  Bi-22 1 
Furthermore,  MgB2  for  high  frequency  operation  is  much  more  developed  than  Bi-2212. 

Table  6.1.  Estimated  loss  powers  for  MgB2  and  Bi-2212  based  superconducting  stators. 
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MgB2  @  20  K 

Bi-2212  @40  K 

E 

lectrical  frequency,/  [Hz] 

117 

117 

h 

lagnetic  field  amplitude  [T] 

0.5 

0.5 

h 

lagnetization  critical  current  density,  / 
Vmm^] 

8000 

2740 

F 

ilament  diameter,  df  \  pm] 

10 

30 

1 

wist  pitch,  Zp  [mm] 

10 

15 

E 

ngineering  critical  current  density  at  0.5  T 

Vmm^] 

750 

430 

F 

ilament  fraction 

15% 

25% 

1 

c 

otal  strand  area  to  produce  2  kA  operating 
arrent  at  60%  of  cable  critical  current  [mm  ] 

4.5 

7.9 

h 

latrix  restivity,  p  [Ohm-m] 

10'^ 

10'^ 

E 

stimated  hysteresis  loss  power  [W] 

342 

1022  (3x) 

E 

stimated  coupling  loss  power  [W] 

98 

39 

1 

otal  loss  power  [W] 

440 

1061  (2.4x) 

T; 

ible  6.2.  Compares  the  relative  cryogenic  efficiencies  at  c 

ifferent  conductor  operating  temperat 

MgB2  @  15  K 

MgB2  @  20  K 

Bi-2212  @40 

K 

C 

old  temperature,  Tl  [K] 

15 

20 

40 

E 

igh  temperature,  Th  [K] 

300 

300 

300 

C 

hrnot  efficiency,  pcamot 

0.053 

.071 

0.154 

C 

ioefficient  of  performance,  COP 

0.2 

0.2 

0.2 

E 

stimated  total  stator  loss  power,  Q 

N] 

440 

1061 

E 

c 

stimated  electrical  power  to  drive 
ryogenic  cooling  system,  P  [kW] 

31 

34.5 

6. 

3  Strain  Effects 
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e  critical  current  in  all  four  of  the  HTS  conductors  remains  reasonably  constant  at  tensile  axial 
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ins  below  roughly  0.3%  to  0.4%.  At  larger  strains,  the  critical  current  decreases  sharply  and  ofi  i 
eversibly.  The  operating  strain  in  the  conductor  depends  on  the  entire  strain  history,  fro 
anufacture,  through  cabling,  winding  and  assembly  operations,  cool-down  to  the  cryogenic 
rnperature,  and  from  electromagnetic  and  centrifugal  loads  during  operation.  Depending  on 
imposed  fabrication  route  for  stator  coils  and  type  of  conductor  under  consideration,  we  occasional! 
;ded  either  to  devise  manufacturing  strategies  to  minimize  the  conductor’s  strain  excursji 
oughout  the  process  history,  or  to  exclude  some  topologies  from  consideration  all  together. 
teCO  coated  conductors  are  particularly  sensitive  to  peeling  loads  applied  normal  to  the  surface  of  f 
inductor,  which  can  result  in  delamination.  Tensile  differential  strains  that  can  develop  within 
nerconducting  winding  during  cool-down  from  room  temperature  to  the  cryogenic  operati 
rnperature,  or  between  the  surface  of  the  winding  and  a  winding  former,  are  often  of  suffici(ii 
agnitude  to  separate  the  YBCO  coating  from  the  substrate,  thus  rendering  the  conductor  useless, 
an  active  area  of  investigation  and  coil  fabrication  techniques,  such  as  the  use  of  compliant  coatiri; 
relieve  the  peeling  loads,  have  been  developed  to  mitigate  these  effects.  As  yet  no  method  has  be; 
monstrated  to  be  universally  applicable  to  the  manufacture  of  superconducting  coils, 
anufacturing  and  cool  down  strains  are  of  concern  for  all  superconducting  windings.  By  comparis(|) 
itrifiigal  loads  are  important  for  the  rotor  windings,  while  the  cyclic  electromagnetic  loading  appl 
the  stator  is  of  concern  for  estimating  its  fatigue  resistance  and  fatigue  life.  Shock  loads  during 
rmal  operating  conditions  need  to  be  accommodated  within  the  winding  support  structures. 
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4  AC  Losses 

losses:  Superconductors  are  capable  of  the  lossless  transmission  of  electric  power  only  under  DC 
ijiditions.  The  application  of  time-varying  magnetic  field  or  current  to  a  superconductor  produci 
ses  due  to: 

The  penetration  of  magnetic  flux  density  into  the  conductor  caused  by  an  externally  vary! 
magnetic  field.  This  mechanism  is  known  as  hysteresis  loss. 
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The  penetration  of  magnetic  flux  density  into  the  conductor  caused  by  changes  to  the  conductor's 
self-magnetic  field  due  to  changes  to  the  conductor  current.  This  mechanism  is  known  as  transport 
current  loss. 


los 


The  inducement  of  eddy  currents  in  the  conductor  matrix  due  to  time  variation  in  the  magnet 
field.  This  mechanism  is  known  as  eddy  current,  or  alternatively  as  coupling  current 
Coupling  currents  can  also  be  induced  between  adjacent  conductors  in  a  cabled  conductor  in 
presence  of  time-varying  external  magnetic  field. 
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One  approach  to  minimize  the  losses  in  a  superconducting  winding  are  to  use  conductors  with  f 
nerconductive  filaments  embedded  in  moderately  resistive  matrices.  The  fine  filaments  help  to  li 
teresis  and  transport  current  losses,  while  the  resistive  matrix  helps  to  limit  eddy  current  loss|e 
e  viability  of  the  HTS  stator  needed  for  a  fully  superconducting  generator  will  depend  fairly  stroni 
our  ability  to  minimize  ac  losses  in  the  stator  winding.  The  filament  diameters  in  today’s  H' 
hductors  are  fairly  large  compared  to  what  can  be  achieved  to  limit  loss  in  a  LTS  material, 
stance  NbTi,  which  is  why  ac  loss  minimization  in  the  stator  is  of  such  concern  to  us. 
e  scaling  laws  for  each  ac  loss  mechanism  are  generally  well  known  for  each  type  of  conductlo 
termination  of  the  conductor  AC  loss  is  an  essential  part  of  the  evaluation  process  for  each  propos  ed 
tor  configuration.  The  combination  of  loss  power  and  operating  temperature  has  significant  imp 
on]  overall  system  efficiency  and  both  gravimetric  and  volumetric  power  density. 
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4. 1  AC  LOSS  CALCULATIONS  FOR  YBCO 

e  losses  in  YBCO  are  difficult  to  estimate,  because  of  the  cross  section  of  the  superconductor,  wh  eh 
made  in  very  thin  ,  wide  plates.  For  stacked  cables  (where  the  tapes  are  placed  on  top  of  each  other, 
ithout  twisting),  only  the  transverse  field  (field  along  the  c-axis  of  the  superconductor)  will  lead  to 
gnificant  losses. 

;  have  built  two  models  for  HTS  tapes.  The  first  model  is  for  a  stack  of  12  tapes,  3  mm  wide 
e  tapes  all  magnetically  coupled,  resulting  in  field  penetration  issues.  The  second  model  is; 
ebel  cable,  with  3  mm  and  2  mm  tapes.  In  this  case,  all  tapes  are  magnetically  decoupled, 
e  model  is  FEA  based  on  H-formulation.  It  is  assumed  that  the  critical  current  of  the  tapes  is  200  A 
0.2  T,  with  an  index  n  =  30.  Thus,  the  cables  are  carrying  about  2000  A,  in  an  external  magnetic 
field  of  0.2  T. 

e  model  for  the  HTS  stacked  cable  is  shown  in  Figure  6.3 
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Figure  6.3  Model  of  stacked  cable,  with  12,  3  mm  wide  tapes. 

The  results  are  shown  in  Figure  6.4,  for  a  frequency  of  117  Hz,  and  2000  A  transport  current.  As 
mentioned  before,  the  losses  are  due  to  the  c-axis  component,  with  tapes  that  are  magnetically  coupled. 
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Figure  6.4  current  in  HTS  cable,  as  a  fraction  of  critical. 

It  should  be  noted  that  the  current  reverses  direction  in  the  innermost  region.  There  is  substantial 
heating,  as  the  current  exceeds  the  critical  current  (J/Jcrit  >1).  It  is  assumed  that  the  voltage  is  due  to 
the  power  law. 
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e  transport  current,  as  well  as  the  losses,  for  a  transient  that  starts  at  0  current,  are  shown  in  Figure 
(left).  The  corresponding  losses  are  shown  in  Figure  6.5  (right). 
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Fij^re  6.5  (left)  Transport  current  (I/Ic);  Instantaneous  losses  (W/m) 
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jure  6.6  Dissipation  in  HTS  cable  as  a  function  of  the  applied  magnetic  field. 


The  loss  procedure  shown  above  has  been  used  in  the  latter  optimization  of  the  toroidal  sta|tor 
generator,  described  in  Section  2.7. 


Wb  have  also  investigated  Roebel  cables.  The  critical  current  is  200  A  at  0.2  T,  with  an  index  of  n  = 
30.  The  cable  current  is  2000  A,  with  12  tapes.  The  Roebel  cable  is  shown  in  Figure  6.7.  Because  the 
cables  are  magnetically  decoupled,  it  is  only  necessary  to  model  a  single  tape. 


Th  e  results  from  the  model  of  the  Roebel  cables  are  shown  in  Figures  6.8  and  6.9.  Figure  6.8  sholws 
the  current  distribution  along  the  cross  section  of  the  tape  (the  cross  section  has  been  arbitratily 
increased  in  thickness  in  order  to  facilitate  meshing  of  the  model). 
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Fiijure  6.8  Current  density  over  the  cross  section  of  the  tape, 
arbitrarilly  increased  in  order  to  provide  better  meshing. 


The  height  of  the  tapes  has  be  en 


The  losses  for  a  2000  A  cable  are  summarized  in  Figure  6.10.  Two  Roebel  cables  are  shown  ,  one  with 
12,  3  mm  wide  tapes,  and  one  with  18,  2  mm  tapes.  The  losses  for  all  three  cables  are  comparable, 
although  the  Roebel  cables  show  slightly  reduced  losses.  In  the  case  of  the  stacked  tape,  the  cable  is 
not  fully  penetrated,  resulting  in  different  field  dependence  from  the  Roebel  cables. 


Applied  Field  (mT) 


Figure  6.10  Comparison  between  Roebel  and  stacked  cables. 
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4.2  AC  LOSS  CALCULATIONS  FOR  MgB2  (233  Hz  operation) 
ere  are  several  challenges  to  analytical  estimate  of  loss.  One  of  the  more  significant  approximatiorl; 
^ards  the  interaction  between  transport  current  loss  and  magnetization/coupling  loss.  This  interactio: 
ends  on  the  phase  relation  between  the  transport  current  and  field  variation  on  the  winding,  which 
lot  precisely  known  from  the  available  information.  The  total  loss  also  depends  on  the  fraction  of 
armature  winding  exposed  to  the  rotor  field  and  the  ratio  between  peak  operating  current  and 
hductor  critical  current. 

spite  its  significantly  higher  critical  current  performance,  HyperTech  does  not  foresee  a  means  to 
ricate  2nd  generation  conductors  fine  enough  filaments  needed  for  low  ac  loss.  During  previous 
cussions  with  HyperTech  they  recommended  that  we  retain  the  1st  generation  strand  critical  curre 
iracteristics  for  our  armature  conductor  designs.  A  summary  of  the  critical  current  density  vs. 
iHation  for  both  1st  and  2nd  generation  strands  at  20  K  is  shown  in  Figure  2.48.  Note  that  the  critic 
. Trent  density  is  referenced  to  the  filament  area  within  the  strand.  For  most  HyperTech  strands  the 
ment  area  is  roughly  15%  of  the  total  strand  area.  Because  the  armature  conductor  for  most  of  our 
signs  operate  at  fields  below  1  T  (for  which  no  measured  reference  data  is  included  in  the  plot),  we 
raply  extrapolated  the  low  field  tendency  for  the  1st  generation  strand  towards  zero  field  to  generate 
approximate  fit  overlaid  on  the  plot. 

0.6  T  peak  field,  the  20  K  critical  current  density  for  a  1st  generation  strand  should  be  roughly  49^ 
(/cm2,  based  on  the  fit  shown  in  Figure  6.1 1.  This  yields  a  20  K  critical  current  for  a  0.85  mm 
meter  strand,  with  15%  superconductor  fill  fraction,  of  roughly  420  A.  The  peak  cable  current  fro 
2. 10  is  2030  A.  The  total  number  of  strands  needed  for  the  armature  conductor  depends  on  the 
iumed  ratio  of  the  cable  critical  current  divided  by  the  peak  operating  current.  The  minimum 
lievable  loss  in  the  armature  depends  in  part  on  this  ratio,  which  affects  both  loss  power  per  unit 
iume  of  conductor  as  well  as  the  total  volume  of  conductor  needed  for  the  armature. 
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jure  6. 1 1 :  Critical  current  density  vs.  field  for  1st  and  2nd  generation  HyperTech  strands  at  20  K. 
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e  conductor  loss  has  been  divided  in  to  three  components  -  hysteresis  loss  due  to  field  penetration 
o  the  superconductor  filaments,  coupling  loss  in  the  strand  matrix,  and  losses  due  to  transport 
rrent  in  the  conductor. 

'.gnetization  loss:  For  simplicity  we  have  been  using  the  modified  Bean  equation  shows  in  Equati(|) 
estimate  the  magnetization  hysteresis  loss  in  superconductors  for  various  recent  programs  at  Ml 
s  equation  assumes  that  the  super  currents  during  a  change  in  field,  from  Bi  to  Bf,  always  penetra|ti 
the  center  of  each  filament. 


n 


^df  Jc(B)  dB 


<)), 


For  the  present  arrangement,  the  penetration  field,  B_p=  p_o/7i:  J_c  (0.6T)  d_f,  is  approximately  0.02T 
d  the  assumption  of  full  penetration  throughout  the  cycle  produces  negligible  error  in  the  estimate, 
e  finest  filament  diameters,  df,  that  HyperTech  has  achieved  during  limited  production  runs  is 
jighly  10  pm,  which  is  the  value  that  will  be  used  for  the  loss  calculations.  For  the  half  cycle  ac  lois 
culations,  Bi  will  be  set  to  0.2  T,  while  Bf  will  be  set  to  0.6T.  The  Jc(B)  fit  from  Figure  6. 1 1  is  also 
ed.  For  a  half  field  cycle  the  estimated  magnetization  hysteresis  loss  per  unit  volume  is  roughly  5 
m3,  while  the  estimated  magnetization  loss  per  unit  volume  is  10  kJ/m3  for  a  full  cycle.  The 
umetric  loss  power  density  due  to  magnetization  hysteresis  is  simply  the  loss  energy  per  volume 
es  the  excitation  frequency.  For  233  Hz  (for  example,  for  the  AC  homopolar  machine  in  Section 
,  p_h=f  ■  e_h  =  2.32  MW/m3. 

insport  current  loss:  Hysteresis  loss  in  applied  field  and  self-field  loss  due  to  transport  current 
rate  via  similar  mechanisms,  that  is,  they  result  due  to  penetration  of  magnetic  flux  into  the  interi|)r 
of  the  superconducting  filaments.  Estimation  of  the  self-field  transport  current  loss  power  per  unit 
gth  for  single,  isolated  strand  can  be  performed  using  the  Norris  equation  included  in  Equation  2. 

r  =  V  /  1  - 1) ^  ^  I  m 

where  iop/ic  is  the  ratio  of  the  conductor’s  operating  current  to  its  critical  current.  Calculation  of 
nsport  current  loss  in  a  cabled  superconductor  is  significantly  more  complicated  and  depends 
gnificantly  on  the  cabling  pattern,  which  influences  the  distribution  of  self- field  through  the  cable 
iume.  For  simplicity  we  will  calculate  the  transport  current  loss  on  a  single  strand  basis  (iop  and  ii 
420  A)  and  then  multiply  this  value  by  the  total  number  of  strands  in  the  cable,  n_s,  to  estimate  the 
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total  transport  current  loss  power  per  cable  length.  That  is,  P_t/L  ~  n  s-  p_t/L.  The  number  of 
strands  in  the  cable  is  equal  to  the  reciprocal  of  the  fraction  of  critical  current  operation  times  the  pea|k 
operating  current,  lop,  divided  by  the  strand  critical  current,  ic.  That  is,  ns  =  Ic/ic. 

Coupling  current  loss:  In  addition  to  magnetization  and  transport  current  loss  in  the  superconductor, 
coupling  currents  between  the  twisted  superconducting  fdaments  in  the  strands  also  generates  a 
vollumetric  loss  power,  pc,  that  can  be  estimated  using  Equation  3. 
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ere  pm  is  the  resistivity  of  the  strand  matrix  (roughly  10’^  Ohm  -m),  tp  is  the  twist  pitch  of  the  strajid 
•bproximately  10  mm),  and  AB  is  the  amplitude  of  magnetic  field  variation  (0.2  T).  These  values 
eld  an  estimated  coupling  loss  power  density  of  about  0.21  MW/m3,  which  acts  on  the  matrix 
ction  of  the  strand  volume. 

ss  power  dependence  on  strand  number.  The  variation  in  total  loss  power  with  numbers  of  strands  m 
cable  is  summarized  in  Table  6.3,  based  on  a  total  length  of  720  m  for  all  MgB2  armature  windings 
m  Table  2.10),  a  single  strand  cross-section  area  of  5.67x10-7  m2,  filament  fill  fraction  of  0.15, 
^trix  fill  fraction  of  0.85,  with  an  assumed  value  of  approximately  60%  for  the  portion  of  the 
ature  exposed  to  the  rotor  field  variation.  The  minimum  loss  power  appears  to  occur  near  a 
ction  of  critical  current  operation  of  roughly  0.3. 
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Table  6.3:  Variation  in  estimated  armature  ac 

OSS  vs.  numbers  oi 

'  strands  in  cable,  at  233  Hz 

Fraction  of 

critical 

Number  of 

strands 

Hysteresis  loss 
[W] 

Transport 
current  loss  IW] 

Coupling  loss 
[W] 

Total  loss 
[W] 

0.05 

97 

8263 

24 

2192 

10.479 

0.1 

48 

4131 

100 

1096 

5327 

0.2 

24 

2065 

424 

548 

3037 

0.3 

16 

1377 

1014 

365 

2756 

0.4 

12 

1032 

1927 

274 

3234 

6.4.3  AC  LOSSES  IN  CICC  for  toroidal  Stators 

During  preliminary  design  of  the  test  sample,  we  performed  more  a  detailed  evaluation  of  anticipatec 
A(^  losses  for  our  proposed  MgB2  CICC;  these  calculations  revealed  that  eddy  current  losses  induced 
in  the  conductor  jacket  were  not  negligible  and  could  actually  be  more  than  ten  times  higher  than  the 
ex3ected  AC  losses  in  the  MgB2  strands.  As  this  point,  we  decided  to  complete  the  prototype  CICC 
us  ng  stainless  strand,  but  to  redesign  our  AC  loss  sample  for  the  CAPS  calorimeter  using  triplet 
conductors  only.  This  does  not  mean  that  we  abandoned  the  CICC  configuration.  Rather,  we  believe 
that  the  CICC  configuration  is  still  viable,  but  would  require  the  use  of  a  dielectric  jacket,  such  as  gldss 
wiap,  followed  by  epoxy  impregnation  following  the  reaction  heat  treatment  cycle,  to  limit  AC  losses 
to  acceptable  values. 

Eddy  current  losses  in  CICC  jacket 

Fij^ure  6.12  shows  a  cross-section  sketch  of  the  conductor  proposed  for  the  technology  demonstratioili, 
while  Table  6.4  lists  pertinent  dimensions  for  this  conductor.  The  conductor  dimensions  were  driven 
by  the  0.3 1  mm  diameter  of  the  strand  procured  from  Hyper  Tech. 

B}  this  stage  of  the  program  we  had  begun  to  investigate  the  Gramme  ring  stator  configuration,  whidh 


:piits  attainment  of  the  rated  14  MW  generator  output  with  a  peak  field  amplitude  of  roughly  0. 1 1  at 
conductor.  The  conductor  contains  eighteen  MgB2  triplets  (54  strands  total)  and  has  an  anticipat  ;d 
i|tical  current  of  roughly  4  kA  (twice  the  peak  phase  current  of  2  kA)  when  energized  in  0.1  T  field  at 
K.  The  outer  diameter  of  the  central  cooling  tube  and  inner  diameter  of  the  outer  jacket  were  chosen 
achieve  roughly  40~45%  void  fraction  in  the  annular  cable  space.  This  void  fraction  should  permii 
strands  to  be  loosely  held  in  place  without  excessive  deformation  of  the  strand  cross-sections 
ing  compaction  of  the  conductor  jacket.  In  the  event  that  strand  motion  has  negative  impact  on 
gB2  cable  performance  at  these  high  void  fractions,  we  analytically  investigated  the  possibility  to 
troduce  a  liquid  or  gaseous  cryogen  in  the  cable  space,  which  when  cooled  and  frozen  would  provijle 
the  required  strand  constraint  [Voccio]. 
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Table  6.4  Target  dimensions  for  the  ClCC  fabrication  trial. 


Cooling  tube  inner  diameter  [mm] 

2.69 

Cooling  tube  outer  diameter  [mm] 

3.40 

Strand  diameter  [mm] 

0.31 

Strand  twist  pitch  length  [mm] 

5 

Triplet  twist  pitch  length  [mm] 

10 

Twist  pitch  for  2"^'  cable  stage  [mm] 

100 

Estimated  void  space  in  cable  volume  [%] 

-45.5 

Jacket  inner  diameter  [mm] 

4.59 

Jacket  outer  diameter  [mm] 

5.78 
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Figure  6.13  shows  the  arrangement  of  a  finite-element  model  implemented  in  COMSOL  to 
aluate  the  distribution  of  AC  losses  in  the  ClCC  when  it  was  exposed  to  a  uni-directional, 
rusoidally  varying  external  magnetic  field,  Bext.  The  model  considered:  magnetization  hysteresis 
s  in  the  MgB2  filaments;  eddy  current  losses  in  the  strand  matrix,  coupling  losses  in  the  matrix 
tween  the  filaments,  magnetization  loss  in  the  strand  matrix,  and  eddy  current  loss  in  the  cooling 
e  and  conductor  jacket;  table  6.5  and  Figure  6.14  are  calculated  assuming  a  copper  tube  and  sheath 
ich  result  in  very  high  eddy  current  losses  in  the  tube/sheath.  The  computed  loss  power  for  a  0.2  m 
g  sample  (similar  to  that  used  in  the  experiment,  described  in  Section  6.5)  for  each  mechanism  is 
nmarized  in  Table  6.5  for  frequencies  between  5  Hz  and  400  Hz,  field  amplitude  of  0.1  T,  and 
rating  temperature  of  20  K.  The  same  results  are  shown  in  graphical  form  in  Figure  6.14. 


ipe 


Fij^ure  6.13.  COMSOL  model  to  compute  AC  loss  in  the  CICC  when  exposed  to  oscillating 
background  field. 


Table  6.5.  Distribution  of  AC  loss  power  among  mechanisms  for  a  0.2  m  length  of  the  proposed 
MgB2  CICC. _ 


100  ml  field  amplitude 

f(Hz) 

Filament 
magnetization 
loss  [W] 

Strand  eddy 
current  loss 
[W] 

Strand 
coupling 
current  loss  [W] 

Strand 

matrix  loss 
[W] 

Tube-jacket 
eddy  current 
loss  [W] 

Total  Loss 
(W) 

%  Loss  in 
Tube-jacket 

5 

4.1E-3 

9.09E-08 

9.48E-06 

9.55E-05 

0.01 

0.01 

57 

25 

22.E-3 

2.27E-06 

2.37E-04 

4.77E-04 

0.14 

0.16 

86 

50 

45.4E-3 

9.09E-06 

9.48E-04 

9.55E-04 

0.54 

0.59 

92 

100 

93.9E-3 

3.64E-05 

3.79E-03 

1.91E-03 

2.16 

2.26 

96 

200 

193.6E-3 

1.46E-04 

1.52E-02 

3.82E-03 

8.65 

8.87 

98 

300 

295.5E-3 

3.27E-04 

3.41E-02 

5.73E-03 

19.47 

19.80 

98 

400 

398.9E-3 

5.82E-04 

6.07E-02 

7.64E-03 

34.60 

35.07 

99 

Th  e  slopes  of  the  loss  curves  in  Figure  6.14  vary,  indicating  that  different  mechanisms  are  more 
important  in  some  regions  than  others.  The  loss  component  due  to  magnetic  hysteresis,  namely 
filament  and  matrix  magnetization  vary  linearly  with  frequency,  while  those  due  to  induced  currents, 
such  as  eddy  currents  in  the  matrix,  coupling  currents  between  filaments  and  eddy  currents  in  the 
cooling  tube  and  jacket  vary  with  the  square  of  frequency.  At  very  low  frequency  (around  5  Hz)  the 
filament  magnetization  loss  is  roughly  comparable  to  the  eddy  current  loss  in  the  cooling  tube  and 
jacket,  whereas  at  frequencies  above  roughly  100  Hz  the  eddy  current  losses  in  cooling  tube  and  jack|e 
clearly  dominate  the  total. 

Th  e  COMSOL  model  indicates  that  up  to  99%  of  the  loss  power  in  the  proposed  CICC  sample  could 
be  generated  by  eddy  currents  induced  in  the  copper  cooling  tube  and  conductor  jacket,  depending  om 
the  magnetic  field  amplitude  and  frequency  (Table  6.5),  in  the  case  of  copper  as  the  material  of  the 
tubes,  with  a  resistivity  that  is  reduced  by  a  factor  of  7  from  room  temperature.  We  have  made  similju 
ca  culations  for  the  case  with  stainless  steel  tubes.  The  results  are  shown  in  Table  6.6.  Both  the 
dissipated  power  per  unit  length,  as  well  as  the  power  dissipated  in  20  cm  long  fixtures,  have  been 


shown  in  Table  5.5.  Due  to  its  significantly  larger  diameter  and  greater  wall  thickness,  the  outer  jack  et 
coatributes  significantly  more  to  the  total.  It  is  clear  that  the  tubes  can  not  be  made  from  copper,  bu 
that  with  steel  there  are  small  losses,  about  0.15  W/m  for  1 17  Hz. 
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6.6  Sheath  losses  as  a  function  of  frequency  and  sheath  resistivity,  for  the  same  parameters  as 
6.5 


Conductivity  (S/m) 

1.86E+06 

4.20E+08 

W/m 

w 

W/m 

w 

Frequency  (Hz) 

20  cm 

20  cm 

5 

3.25E-04 

6.49E-05 

0.074 

0.015 

25 

8.11E-03 

1.62E-03 

1.833 

0.367 

50 

0.033 

0.007 

7.230 

1.446 

100 

0.130 

0.026 

27.4 

5.5 

200 

0.519 

0.104 

90.9 

18.2 

300 

1.168 

0.234 

159.4 

31.9 

400 

2.077 

0.415 

217.4 

43.5 

30 

Frequency  (Hz) 


Figure  6.14.  Variation  in  CICC  AC  loss  components  with  frequency  at  0.1  T  magnetic  field  amplituqe. 
Note  that  the  tube  jacket  losses  are  calculated  for  a  copper  tube  and  sheath. 

6.5  Experimental  losses  in  MgB2  CICC  topologies 

W ;  arranged  with  the  Center  for  Advanced  Power  Systems  (CAPS)  at  FSU  to  test  an  MgB2  conducthr 
sample  for  us  using  their  20  K,  helium  gas  flow  calorimeter  [Kvitovich,  Pamidil,  Pamidi2].  However, 
due  to  the  high  anticipated  eddy  current  loss  in  a  CICC  sample  reported  in  section  6.4.3,  we  decided  to 
examine  the  loss  characteristics  for  a  sample  containing  multiple,  first-stage  MgB2  triplets.  The  cho 
of  triplets,  rather  than  single  strand  samples  for  the  AC  loss  measurements  was  to  permit  us  to  also 
amine  the  cabling  characteristics  of  the  strand  and  to  examine  the  magnitude  of  coupling  losses 
tween  strands  that  could  occur  at  the  sub-cable  level. 
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5.1  Sample  preparation 

preparation  for  the  triplet  cabling,  a  65  m  length  of  the  0.3 1  mm  diameter  MgB2  strand  was 
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ajnsferred  to  each  of  three  pay-off  spools  using  the  re-spooling  machine  shown  in  Figure  7.6.  During 
re-spooling  process,  the  strands  were  lightly  coated  with  Mobil  1™  oil.  Mobil  was  employed 
an  anti-sinter  agent  during  the  development  of  early  Nb3Sn-based  superconductor  cables.  During 
t  treatment  reaction,  the  oil  bums  away  leaving  a  relatively  high  resistance  coating  on  the  strands 
t  effectively  limits  the  magnitude  of  strand-to-strand  coupling  currents  for  cables  exposed  to  time 
laying  external  magnetic  field  [Pamidi2]. 

e  pay-off  spools  were  then  transferred  to  the  spinner  of  our  cabling  machine  (Figure  7.5).  Despite 
previous  experiment  with  triplet  cabling  of  the  stainless  steel  prototype,  several  small  issues  wer^ 
ountered  when  working  the  MgB2  strand.  First,  the  MgB2  was  significantly  stiffer  than  the 
ealed  stainless  steel  that  we  used  for  the  prototype.  Second,  the  Mobil  1  coating  lead  to  occasionajl 
page  of  the  pay-off  cable  against  the  capstan,  which  tended  to  worsen  as  the  mn  progressed.  We 
ountered  a  few  strand  breaks  before  noticing  this  slippage.  The  principal  mitigation  was  to  increase 
torque  on  the  take-up  spool  and  to  use  lightly  soaked  rag  to  remove  oil  build-up  from  the  capstan 
face  on  an  occasional  basis  during  the  cabling  ran.  Strand  breakage  significantly  declined  once  w 
ticed  these  issues  and  only  one  break  occurred  during  the  second  half  of  the  mn.  A  65  m  cable 
gth  should  have  yielded  at  least  100,  0.2  m  long  triplet  samples.  However  due  to  the  strand  breaks 
only  managed  96  pieces  following  reaction.  90  of  these  triplets  were  used  in  the  AC  loss  test 
cimen  while  six  were  retained  for  critical  current  measurement,  assuming  a  suitable  test  facility 
iild  be  identified. 

hough  the  un-reacted  strand  is  robust  and  can  accommodate  moderate  deformation  without 
inificant  impact  on  ultimate  performance,  reacted  strands  and  triplets  need  to  be  carefully  protected 
ainst  unintended  deformation  during  handling  after  reaction.  Hyper  Tech  reports  that  the  axial  stra  n 
it  of  one  of  their  multifilament  wires  is  ~  0.3%  after  heat  treatment  [Rindfleisch].  In  preparation  fpr 
sample’s  reaction  heat  treatment,  we  installed  un-reacted  triplet  cables  into  230  mm  long,  1  mm 
er  diameter,  by  1  mm  wall  thickness  quartz  glass  tubes.  The  quartz  tubes  had  sufficient  stiffness  t(|) 
ivent  bending  during  routine  handling,  and  had  high  enough  softening  temperature  to  follow  the 
inlets  through  the  reaction  treatment. 

o,  according  to  Hyper  Tech,  without  proper  preparation  it  is  possible  that  some  of  the  magnesiuml  to 
k  out  of  the  ends  of  un-reacted  filaments  during  heat  treatment,  leading  to  a  loss  in  superconductir  g 
Fformance.  Three  steps  were  taken  to  minimize  this  possibility  during  processing  of  our  MgB2 
inlets.  First,  multiple  samples  were  mounted  together  using  a  single,  roughly  3  m  length  of  triplet 
inductor  as  shown  in  Figure  6.15.  The  triplet  conductor  was  passed  in  sequence  through  each  of  10 
rtz  tubes,  which  were  then  folded  into  a  compact  meander  for  installation  into  our  heat  treatment 
mace.  Second,  the  final  ~0.5  m  length  of  conductor  protmding  past  each  of  the  final  quartz  tubes  iln 
sequence  was  brought  from  the  high  temperature  zone  in  the  furnace  to  within  a  few  inches  of  the 
mace  end  flange  to  keep  the  ends  of  all  strand  well  below  the  filament  melting  point.  Finally,  as 
commended  by  Hyper  Tech,  we  crimped  flat  the  final  8~12  mm  of  each  strand  as  shown  in  Figure 
6  [Rindfleisch]. 
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Filjure  6.15.  3  m  length  of  cabled  triplet  inserted  into  ten  1  mm  ID  quartz  tubes  in  preparation  for  heat 
treatment  reaction. 
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6.5.2  Heat  treatment 

Th  e  MgB2  triplets  were  heat  treated  in  two  batches  to  minimize  risk  due  to  possible  errors  in  the 
controller  or  programming.  Six  single  strand  MgB2  “witness”  samples  were  include  in  each  heat 
treatment  batch.  The  critical  currents  for  a  few  of  these  reacted  strands  were  measured  to  verify  the 
success  of  the  heat  treatment.  Results  from  the  single  strand  critical  current  measurements  are  reportjed 
in  section  6.5.3. 

The  heat  treatment  reaction  was  performed  using  the  three  zone  fiimace  shows  in  Figure  6.17.  For  oili 
strand  configuration  Hyper  Tech  recommended  a  heat  treatment  temperature  of  650°C  for  a  hold  tim^ 
of  one  hour  [Rindfleisch].  An  example  heat  treatment  schedule  based  on  their  in-house  furnace  is 
shown  in  Figure  6.18.  Hyper  Tech  also  indicates  that  the  heat  treatment  duration  above  600°C  is  as 
portant  as  the  heat  treatment  temperature  and  hold  (dwell)  duration.  In  other  words  the 
oommended  reaction  time  and  temperature  is  a  combination  of  heating  from  around  600°C  up  to 
0°C  plus  hold  time  and  cooling  650°C  to  600°C.  For  their  heat  treatment  scenario  (Figure  6.18)  th<j 
duration  that  the  sample  was  above  600°C  was  90  minutes.  Hyper  Tech  also  acknowledged  that  period 
of  time  above  600  degrees  C  may  need  to  change  slightly  depending  on  the  particular  furnace  used  for 
the  strand  heat  treatment.  The  recommended  heat  treatment  atmosphere  was  argon  gas. 
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^ure  6.17.  Furnace  room  setup  showing  three  zone  furnace,  furnace  controller,  argon  gas  flow  systp 
d  data  acquisition  computer. 
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Fij^ure  6.18.  Typical  heat-treat  profile  of  an  MgB2  sample. 


Fijjure  6. 19  shows  the  heat  treatment  temperature  vs.  time  profiles  achieved  for  each  batch  of  triplets 
Th  e  temperature  profile  for  batch  1  is  shown  in  Figure  6.19a,  while  that  for  batch  2  is  shown  in  Figun 
6.  9b.  A  much  more  gradual  temperature  rise  of  roughly  150  degrees  C/hr  was  used  below  200  degro 
C  to  accommodate  the  rather  high  thermal  inertia  of  our  furnace  and  to  ensure  that  all  three  furnace 
zones  remained  within  5  degrees  C  of  each  other  up  to  and  through  the  650  degrees  C  plateau. 
Although  we  qualified  the  temperature  control  program  using  a  batch  of  thirty  stainless  steel  triplets 
or  to  the  first  batch  of  MgB2  triplets  the  actual  flat  top  duration  at  650  degrees  C  fell  about  5  min. 
rt  of  the  intended  60  minute  hold  time.  We  modified  the  heat  treatment  control  slightly  between 
ches  in  attempt  to  increase  the  duration  of  the  650  degrees  C  hold;  in  this  case  we  overshot  the 
tended  60  minute  hold  time  by  about  5  minutes. 
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jure  6.19.  Heat  treatment  profiles  achieved  during  reaction  of  our  samples. 


Following  the  completion  of  the  heat  treatment  cycle,  ninety  of  the  reacted  MgB2  triplets  were 
carefully  removed  in  sequence  from  their  quartz  tubes  and  mounted  in  grooves  machined  along  the 
length  of  a  0.2  m  long  by  0.05  m  outer  diameter  hollow  G-10  cylinder  and  transferred  to  CAPS  for 
installation  in  their  20  K  helium  flow  calorimeter.  A  photo  of  the  test  sample  just  prior  to  installation  m 
the  calorimeter  is  shown  in  Figure  6.20.  Both  ends  and  the  midpoint  off  each  triplet  were  secured  to 
the  G-10  cylinder  using  GE  varnish,  while  intermediate  locations  along  the  sample  length  were  secuijed 
using  dental  floss. 


Figure  6.20.  Ninety,  reacted  MgB2  triplets  mounted  to  the  outer  surface  of  a  G-10  cylinder 
in  preparation  for  calorimetric  AC  loss  measurement. 


6.5.3.  Critical  current  characterization  oe  the  MgB2  strands  and  triplet^ 

As  part  of  its  quality  assurance  process.  Hyper  Tech  Research  reacted  a  length  of  strand  from  our  bil  et 
on  an  ITER-type  Jc  barrel  [Bruzone].  The  critical  current  vs.  background  magnetic  induction  for  thisi 
strand  was  measured  by  Mike  Sumption’s  group  at  the  Ohio  State  University.  Figure  6.21  shows 
res;ults  from  these  measurements  along  with  those  performed  using  straight,  0.2  m  long  witness 
samples  co-reacted  with  the  MgB2  triplets  at  MIT.  Two  single  strand  witness  samples  from  each  of  tie 
heat  treatment  batches  performed  at  MIT  were  sent  in  the  same  quartz  tubes  in  which  they  were  reached 
to  Hyper  Tech  Research.  These  strand  samples  were  subsequently  transferred  to  OSU  for  the  critical 
current  characterization. 

The  low-field  critical  current  for  the  first  batch  of  strands  reacted  at  MIT  was  about  20%  below  those 


reacted  by  Hyper  Tech,  while  that  for  the  second  batch  was  about  2%  lower.  The  improved 
performance  for  the  second  batch  of  strands  probably  reflect  the  effect  of  the  changes  to  the  furnace 
control  program  for  the  second  batch  of  triplets,  to  better  match  the  recommended  reaction  cycle. 

Th  e  critical  currents  for  all  strands  show  roughly  exponential  variation  with  the  background  magneti((: 
induction.  This  is  evidenced  by  the  linear  variation  in  Ic  vs  B  when  presented  on  a  semi-log  plot. 

Ex  trapolation  of  these  exponential  fits  yields  a  zero  field  critical  current  of  339  A  for  the  strand  reactled 
at  Hyper  Tech  and  an  average  critical  current  of  298  A  for  the  strands  reacted  at  MIT. 

A  single  strand  sample  and  a  triplet  from  each  heat  treatment  batch  was  also  sent  in  the  same  quartz 
tubes  in  which  they  were  reacted  to  Philippe  Masson’s  group  at  the  University  of  Houston  (UH)  for 
critical  current  characterization  in  their  conduction  cooled  test  rig.  The  UH  rig  also  uses  straight  test 
samples  and  can  attain  a  measurement  base  temperature  in  the  range  between  20K  and  22K.  As  yet  we 
have  not  received  any  data  for  these  samples. 
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^ure  6.21  Critical  currents  vs.  background  magnetic  induction  for  strands  reacted  at  Hyper  Tech  arjd 
MIT,  respectively. 


6.5.4.  Estimation  of  zero  field,  20K  critical  current 

In  the  absence  of  direct  measurement  of  the  strand  critical  currents  are  20K,  we  previously  published 
results,  shown  in  Figure  6.22,  to  estimate  the  desired  value  [Doll].  Figure  6.22  shows  typical  critical 
current  density  vs  field  measurements  for  Hyper  Tech  MgB2  strands  at  several  temperatures.  The 
dashed  black  line  shows  the  extrapolated,  zero-field  critical  current  at  4.2  K,  while  the  dashed  yellow 
line  shows  the  extrapolated,  zero-field  critical  current  at  20  K.  The  extrapolated  values  show  that  the 
zero-field  critical  current  is  reduced  by  a  factor  of  about  2  when  the  operating  temperature  is  increased 
from  4.2  K  to  20  K.  Applying  this  same  ratio  to  our  strand  yields  an  estimated  zero-field,  20  K  critiqal 
current  of  roughly  149  A.  Based  on  this  value,  we  obtained  a  critical  current  density  of  roughly  1.6 
lO'*^  A/m2  by  dividing  the  critical  current  by  the  total  filament  area.  The  filament  area  was  computed 
us  ng  the  54  filament,  15  micro-m  filament  diameter  values  listed  in  Table  5.2. 

5.3.5.  AC  loss  characterization  of  MgB2  triplets 


A  bst  sample  containing  ninety,  MgB2  triplet  (shown  in  Figure  6.20)  was  sent  to  the  Center  for 
Advanced  Power  Systems  (CAPS)  at  the  Florida  State  University  (FSU)  for  AC  loss  measurement 
us  ng  their  20  K  helium  gas  flow  calorimeter  [Kvitkovic  Pamidil,  Pamidi2].  Figure  6.23  shows  a 
scliematic  of  the  arrangement,  while  Figure  6.24  shows  a  photograph.  The  calorimeter  consists  of  twj) 
main  parts.  The  first  part,  shown  with  grey  shading  towards  the  left  side  of  Figure  6.23,  contains  a 
cooling  module  for  cooling  and  circulating  the  helium  gas.  The  second  part,  shown  with  light  green 
ding  towards  the  right  side  of  Figure  6.23,  contains  an  experiment  module  that  surrounds  the  test 
inple  (T9)  and  contains  two  sets  of  liquid-nitrogen-cooled,  racetrack- wound,  copper  magnets  to 
oduce  variable  frequency  AC  magnetic  field.  The  cooling  module  and  experiment  module  are 
tmected  via  vacuum  jacketed  helium  transfer  lines.  The  racetrack  magnet  sets  are  arranged  to 
oduce  orthogonal  field  components  at  the  sample  location.  The  phase  between  the  field  component|s 
.1  be  varied  to  produce  either  a  net  oscillating,  or  net  rotating  field  at  the  sample.  The  AC  loss 
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Fijjure  6.22.  Previously  published  MgB2  critical  current  data,  used  to  estimate  the  20  K  zero-field 
critical  current  for  our  strand. 


e  cooling  module  contains  a  pair  of  Cryomech  model  AL-325  cold  heads,  a  CryoZone  model 
lp2000  M  cryocirculator,  and  a  helium  mass  flow  meter.  Each  AL-325  cold  head  has  a  design  cooli 
wer  of  100  W  at  25  K  and  a  base  temperature  of  12  K.  Each  cold  head  is  equipped  with  a  heat 
hanged  installed  in  series  with  the  cryocirculator.  The  inlet  temperature  to  the  experiment  module 
ijitrolled  using  a  trim  heater  installed  on  the  cryoline  exiting  the  cooling  module.  The  AC  losses, 

C,  were  calculated  based  on  the  helium  mass  flow,  rh,  the  nominal  heat  capacity  of  the  gas,  Cp(Tj; 
the  sample  temperature,  Ts,  and  the  temperature  rise  through  the  experiment  module,  AT: 


mg 


IS 


QAC  =  rhCp(Ts)AT. 

Th  e  accuracy  of  the  calorimetric  AC  loss  measurements  reported  here  have  recently  been  called  into 
question.  Until  the  issue  is  resolved  we  will  process  to  process  the  data  as  if  they  were  accurate. 
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jure  6.23.  Schematic  arrangement  of  the  CAPS  20  K  helium  flow  calorimeter. 
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Figure  6.24.  Digital  photo  of  the  CAPS  calorimeter. 


Fiture  6.25  shows  the  measured  AC  loss  per  cycle  at  20  K  vs.  the  peak-peak  amplitude  of  applied 
magnetic  field  at  frequencies  of  50  Hz,  110  Hz,  and  300  Hz  for  the  90  MgB2  triplets.  For  this  set  of 
measurements,  the  background  field  magnet  sets  in  the  CAPS  facility  were  operated  in-phase  and  with 
the  same  magnetic  field  amplitude.  For  this  field  configuration,  the  axis  of  the  combined  magnetic  fudd 
is  Driented  at  45  degrees  relative  to  both  coil  axes,  while  the  magnitude  of  the  field  variation  is  greate: 
than  that  for  either  coil  by  a  factor  of  the  square  root  of  2. 

The  loss  energy  per  cycle  values  plotted  in  Figure  6.25  were  obtained  by  dividing  the  asymptotic  valie 
of  the  measured  loss  power  by  the  excitation  frequency.  The  black  dashed  line,  with  slope  of  2  on  the 
log-log  plot,  suggests  that  the  losses  in  the  triplets  was  dominated  by  inter-filamentary  coupling  current 
looses.  This  is  especially  true  for  the  higher  amplitude  results  obtained  at  50  Hz.  The  AC  loss  per 
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le  measurements  obtained  during  lower  field  exeitation  at  300  Hz  show  noticeably  less  than 
dratic  dependence  on  the  magnetic  field  amplitude;  this  suggests  that  proportionally  more  of  the 
loss  under  these  low  field  conditions  occur  as  a  result  of  magnetic  hysteresis,  which  often  show^ 
ser  to  linear  dependence  on  the  applied  field  amplitude. 

permit  rescaling  of  the  measured  results  to  other  operating  conditions  we  attempted  to  divide  the 
^asured  AC  loss  in  Figure  5.22,  Qt,  in  two  components,  the  first  attributed  to  magnetic  hysteresis, 
and  the  second  to  losses  due  to  coupling  currents  between  the  filaments,  Qc.  The  hysteresis  loss 
mponent  depends  solely  on  the  magnetic  field  amplitude,  AB,  while  the  coupling  loss  component 
deaends  on  both  field  amplitude  and  frequency,  co: 

Qt  (AS,6t))  =  +  QciAB,a)).^ 
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jure  6.25.  Measured  AC  loss  per  cycle  vs  magnetic  field  amplitude. 


6.5.4. 1  Hysteresis  eoss  component 

There  are  at  least  two  ways  to  estimate  the  hysteresis  loss  component  for  a  superconducting  strand, 
exaerimentally  and  computationally.  In  cases  where  an  extensive  experimental  database  is  available, 
covering  a  wide  range  of  magnetic  field  amplitudes  and  frequencies,  the  hysteresis  loss  component  for 
a  given  field  amplitude  can  be  obtained  by  extrapolating  the  low  frequency  portion  for  the  measured 
At;^  loss  vs.  frequency  curve  at  that  field  amplitude  to  zero  frequency.  In  this  case,  the  y-axis  intercep  t 
co  rresponds  to  the  experimentally  determined  hysteresis  loss.  In  the  absence  of  an  experimental 
database,  it  also  is  possible  to  rely  on  analytical  models  which  depict  the  magnetic  behavior  of 
superconducting  filaments  when  subjected  to  external  magnetic  field  variation.  The  specific  form  of 
the  hysteresis  loss  equation  due  to  magnetization  of  the  superconducting  filaments  depends  on  the 
on  entation  of  the  background  field  relative  to  the  filament  axis  and  the  ratio  of  the  applied  magnetic 
field  amplitude,  AB,  to  the  filament’s  magnetic  penetration  field.  Bp,  which  is  expressed  in  terms  of  t|he 
zepo-field  critical  current  density,  Jc,o,  and  filament  diameter,  df  [Kobayashi]. 
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wjien  the  applied  transverse  magnetic  field  amplitude  is  less  than  or  equal  to  twice  the  penetration 
field,  the  hysteresis  loss  per  volume  due  to  filament  magnetization,  qa,  can  be  calculated  using: 


qfh  = 
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ereas  when  the  applied  field  amplitude  is  slightly  larger  than  twice  the  penetration  field,  the 
teresis  loss  per  filament  volume  can  be  calculated  using: 


qfh  = 


AABBp 
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In  either  case  the  hysteresis  loss  due  to  filament  magnetization,  Qa,  is  calculated  by  multiplying  the 
loss  per  unit  filament  volume  by  the  total  filament  volume  in  the  sample: 


Qfh  =  qfh  tls 


Lj  j 


whe 


ere,  ns,  is  the  numbers  of  strands  in  the  sample,  nf,  is  the  number  of  filaments  in  each  strand,  df  is 
average  filament  diameter,  and  Ls  is  the  sample  length. 

Spending  on  the  superconductor  type  and  processing  conditions,  the  effective  filament  diameter 
duced  from  the  measured  AC  losses  can  be  larger  than  the  apparent  diameter  determined  from 
•deal  measurement.  Wherever  feasible  it  is  preferable  to  deduce  the  effective  filament  diameter  frojn 
measured  losses,  before  extrapolating  to  other  operating  conditions  by  use  of  the  analytical  loss 
hations. 

the  case  of  HyperTech  strands  with  CuNi  matrix,  the  hysteresis  loss  assessment  is  further 
mplicated  by  the  existence  of  magnetic  impurities,  which  tend  to  increase  the  hysteresis  loss 
mponent  to  above  that  due  solely  to  magnetization  losses  in  the  superconducting  filaments, 
e  data  set  presented  in  Figure  6.25  contains  only  two  field  amplitudes  where  losses  were  measurer 
more  than  one  frequency.  Figure  6.26  shows  the  variation  in  measured  AC  loss  vs  frequency  for  th  i 
a  points  collected  at  0.072  T  magnetic  field  amplitude.  These  points  were  chosen  because  they  wei 
iasured  at  lower  frequency  that  the  alternative  possibility.  The  dotted  red  line  in  the  plot  shows  the 
suit  of  a  linear  fit  of  the  data,  which  extrapolates  to  a  zero  frequency  yield  an  estimated  hysteresis 
s,  Qh,  of  0.0033  J/cycle. 
alsed  on  our  estimated  20  K,  zero  field  critical  current  density  of  1.6  x  1010  A/m2  and  the  strand 
irameters  listed  in  Table  7.3,  the  penetration  field  for  our  strand  should  be  roughly  0.094  T.  This 
suits  in  an  estimated  loss  per  unit  volume  at  0.072  T  field  amplitude  of  850  J/m3.  Multiplying 
ough  by  the  total  filament  volume  in  the  sample  yields  a  total  sample  loss  of  0.00046  J/cycle,  whiej; 
ibout  1/7*  of  the  experimentally  determined  value.  This  suggests  that  the  bulk  of  the  low-field 
hysteresis  loss  in  the  sample  was  due  to  the  magnetic  impurities  rather  than  to  filament  magnetizatioih 
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6.26.  Extrapolation  to  estimate  hysteresis  loss  component  at  0.072  T  field  amplitude. 


The  magnetization  loss  for  materials  that  contain  distributed  magnetic  impurities  generally 
shbws  a  fairly  weak,  power-law  dependence  with  respect  to  the  amplitude  of  the  applied  magnetic  fie 
[Kobayashi],  [Smith].  Observed  values  of  the  power-law  exponent  range  from  roughly  0.5  to  1.5. 
to  the  limited  numbers  of  measurements  at  the  same  magnetic  field  amplitude,  we  cannot  determine 
exact  fit  for  our  sample.  To  account  for  its  existence,  we  assumed  that  the  hysteresis  loss  component 
th$  measured  data  varied  linearly  with  field  amplitude,  that  is: 


Id 
Due 
an 
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Qh  =  kq  ; 

where  kg  =  0.0458  J/cycle/T  is  the  hysteresis  loss  coefficient  deduced  from  the  extrapolated  hysteresf 
loss  for  the  measurements  performed  using  0.072  T  magnetic  field  amplitude.  The  assumed  linear 
dependence  seem  reasonable  based  on  subsequent  evaluation  of  the  remaining  coupling  loss 
components.  The  magnitude  of  the  hysteresis  loss  component  is  expected  to  saturate  at  some  value  cf 
applied  field  amplitude,  but  based  on  the  observed  results  that  field  level  had  not  been  achieved  duriri: 
the  course  of  the  test  program  reported  here.  Figure  6.27  shows  the  computed  filament  magnetizatior 
loss  and  deduced  strand  magnetization  loss  vs.  magnetic  field  amplitude.  The  extrapolated  value  of  thi 
strland  magnetization  loss  at  0.072  T  amplitude  is  highlighted  in  this  plot. 
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Fijj.  6.27.  Estimated  hysteresis  loss  and  computed  filament  magnetization  loss  vs.  magnetic  field 
amplitude. 
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5.|.5.2  Coupling  loss  component 

Th  e  coupling  current  losses  in  our  sample  can  occur  at  both  the  strand  and  within  triplet  level. 
However,  because  the  electrical  contact  between  filaments  within  each  strand  is  typically  several 
orders  of  magnitude  higher  than  that  between  the  strands  in  a  triplet,  our  initial  analysis  will  focus  on 
the  evaluation  of  the  single  strand  coupling  losses.  This  approach  is  consistent  with  the  sample 
eparation  method,  where  each  strand  was  coated  with  Mobil  1  prior  to  cabling.  Based  on  historic 
ends,  the  Mobil  coating  produces  an  insulating  residue  as  it  burns  away  during  the  heat  treatment 
action  and  effectively  decouples  the  strands  from  one  another  in  terms  of  their  AC  loss  behavior 
i|ruzone]. 

en  a  multi-filamentary  superconductor  is  subjected  to  a  time-varying  transverse  magnetic  field,  tH 
ignetic  flux  captured  between  the  filaments  induces  a  small  current  flow  between  them.  The  time- 
Ltying  magnetic  flux  creates  current  loops  that  circulate  among  the  filaments  in  an  attempt  to  “buck 
the  external  field  variation.  Although  the  current  in  these  coupling  loops  generally  follow  the 
3erconducting  filaments,  a  portion  of  the  current  does  pass  through  the  resistive  matrix  between 
ments,  giving  rise  to  losses  that  depend  on  the  magnitude  of  the  field  variation  and  the  excitation 
quency.  Superconducting  strands  are  twisted  to  limit  the  magnetic  flux  linked  between  the 
ments.  Reducing  the  twist  pitch  length  of  a  strand  generally  reduces  the  magnitude  of  the  induced 
iipling  currents  and  by  extension  the  coupling  current  loss. 

portion  of  the  magnetic  energy  induced  in  the  coupling  current  loops  during  each  external  magneti|c 
d  cycle  is  dissipated  in  the  matrix  between  the  filaments  due  to  resistive  decay  of  the  induced 
.rrents.  The  energy  dissipation  is  governed  by  time  constant,  x,  which  can  be  interpreted  as  the  ratio 
of  the  inductance  of  the  coupling  loop  to  its  resistance: 


T  = 


Ho  is 


8^^  Pm 

where  k,  is  the  strand’s  twist  pitch  length,  and  pm,  is  the  resistivity  of  the  resistive  matrix  between  th 
filaments. 
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jure  6.28  shows  the  estimated  coupling  current  loss  for  our  sample  vs.  the  magnetic  field  amplitud 
frequency.  The  estimated  coupling  current  loss  was  obtained  by  subtracting  the  computed 
teresis  loss  (Figure  6.27)  from  the  measured  AC  data  (Figure  6.25).  As  before,  the  dashed  black 
e  overlaid  on  the  plot  shows  the  quadratic  dependence  with  magnetic  field  amplitude  anticipated  fbr 
coupling  loss  component.  The  reprocessed  data  now  shows  much  closer  correspondence  to  the 
nected  behavior  at  all  frequencies. 
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jure  6.28.  Estimated  coupling  loss  vs.  magnetic  field  amplitude  and  frequency. 


Th  e  coupling  loss  per  unit  volume  during  sinusoidal  excitation,  qc,  is  determined  by  the  geometric 
shape  of  the  strand,  characterized  by  the  parameter,  n,  the  amplitude  of  the  applied  transverse  magne 
fielld,  AB,  the  excitation  frequency,  f,  and  the  strand’s  coupling  loss  time  constant,  x: 


1C 


‘fc  = 


TT  n  T  iZnf)^ 

4/io  (1  +  (2  7r/)2  t2) 


For  cylindrical  strands,  n,  is  usually  equal  to  2.  The  coupling  loss  for  the  complete  sample  is  equal  to 
the  volumetric  loss  times  the  fraction  of  filament  matrix  material  in  the  strand,  ffm,  numbers  of  strandjs 
in  the  sample,  ns,  strand  diameter,  ds,  and  sample  length.  Eg. 

(^s'\ 

Qc  =  Reffm^s^  4- 

Fijjure  6.29  shows  the  result  of  a  data  fitting  exercise  to  determine  values  of  matrix  resistivity  and  th^ 
filament  fraction  in  the  filament  zone  to  match  the  estimated  coupling  current  loss  for  our  sample. 
Oi^erall  the  results  look  quite  reasonable.  The  data  fit  required  a  matrix  resistivity  on  order  of  6x10 
Ohm-m  and  filament  fraction,  ffm,  of  roughly  20%  to  match  our  estimated  coupling  loss.  The  resistiv 
is  consistent  with  the  use  of  high  purity  niobium  in  the  filament  barriers,  which  the  estimated  filamer[i 
fra  ction  corresponds  to  the  fractional  percentage  of  the  Nb  barriers  in  the  strand.  The  data  fit  result  i 
Fijjure  6.29  suggests  that  the  coupling  loss  in  our  strand  was  dominated  by  the  Nb  barriers  which 
occupy  a  large  fraction  of  the  interfilament  space  as  shown  in  Figure  7.4,  rather  than  by  the  much  mcjre 
resistive  CuNi  matrix  that  fills  out  the  remainder  of  the  strand. 
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jure  6.29.  Estimated  coupling  loss  vs.  magnetic  field  amplitude  and  frequency. 
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6J6  Summary 

As  part  of  our  ONR  funded  high-speed,  armature  investigation,  we  performed  a  technology 
demonstration  program  to  examine  near  term  feasibility  of  MgB2  cable- in-conduit  conductors  (CICCf 
for  the  production  of  low  AC  loss  armature  windings  for  high-speed  turbo-generators.  Production  of 
i  CICC  prototype  using  surrogate  stainless  steel  strand  was  performed  out  as  a  low  risk  means  to 
amine  manufacturability.  AC  loss  calculations  performed  in  support  of  planned  calorimetric 
easurement  of  the  proposed  MgB2  CICC  revealed  that  eddy  current  losses  in  the  stainless  steel  jack 
re  not  negligible  as  initially  assumed;  eddy  current  losses  in  the  jacket  could  easily  exceed  losses  in 
MgB2  strands  by  a  factor  of  ten  or  more.  This  observation  does  not  invalidate  the  CICC  concept, 
llher  it  indicate  that  the  jacket  would  need  to  be  a  low  loss  dielectric  such  as  epoxy  glass.  The  glass 
ap  could  accompany  the  triplet  wound  cooling  tube  through  the  heat  treatment,  before  being  epox^ 
pregnated  following  clean-up  from  the  reaction  heat  treatment. 

e  cooling  tube  can  be  made  from  stainless  steel.  The  outer  jacket  can  be  made  from  either  stainlesjs 
or  dielectric  material  that  can  also  serve  for  as  the  turn-turn  insulation, 
e  AC  loss  measurements  were  performed  in  the  CAPS  20  K  helium  flow  calorimeter  using  ninety 
gB2  triplets  mounted  on  a  50  mm  diameter  G-10  tube.  The  measured  AC  losses  were  significantly 
higher  than  anticipated  by  pre-test  calculations,  but  could  be  reconciled  with  physical  characteristics 
the  strands. 
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Cable  Design 

cause  the  configuration  and  overall  efficiency  for  a  high-speed,  fully-superconducting  generator 
ends  critically  on  the  ac  loss  power  generated  in  the  stator  windings,  we  decided  to  concentrate  oi 
ir^liminary  work  on  the  more  recently  developed  MgBi  conductors.  By  virtue  of  their  structure, 
Bi-based  superconductors  appear  reasonably  well  suited  to  high  frequency  electro-magnetic 
excitation.  There  is  significant  on-going  effort  to  reduce  the  filament  diameter  and  shorten  the  twist 
pitch  length  for  MgBi  round  wires.  Also,  the  critical  current  of  MgB2  wires  does  not  depend  on  the 
direction  of  the  local  magnetic  field,  which  simplifies  the  evaluation  of  both  its  superconducting 
performance  and  ac  loss  characteristics. 

7.1  MGB2  Cable-in-Conduit  Conductor 

Ca  ble-in-conduit  (CIC)  superconductors  have  been  used  since  1975,  when  they  were  developed  for 
laige,  high-current  plasma  fusion  magnets  [Hoenig,  Ciazinski,  Besette].  Figure  7.1a  shows  aNbsSn 
based  CIC  with  two  partially  separated  channels;  the  outer  channel  contains  a  multi-stage 
superconducting  cable,  while  the  irmer  charmel  provides  a  low-pressure-drop  flow  path  for  the 
supercritical  helium  coolant  [Lienhard].  Sub-division  of  the  composite  superconductor  strands  in  the 
CIC  cable  volume  significantly  increases  the  wetted  perimeter  of  the  conductor  for  given  cross- 
sectional  area,  which  enhances  its  cooling  characteristics.  The  side  length  of  the  square  conductor 
shown  in  Figure  7.1a  is  51  mm.  A  spiral,  or  perforated,  tube  is  often  used  for  LTS-based  CIC  to 
facpilitate  coolant  exchange  between  the  cable  space  and  central  cooling  charmel. 


(a)  (b) 

Fij^ure  7.1.  Cable-in-conduit  superconductors:  (a)  conventional  LTS  design  for  the  ITER  central 
solenoid;  (b)  proposed  two-stage  MgB2  cable  design.  (All  dimensions  in  mm.) 


More  recently,  the  CIC  concept  has  been  adapted  to  lower  current,  single-stage  cable  applications  sui 
fast-ramped  particle  accelerator  magnets  [Lemmons,  NASA].  These  previous,  miniature  CICs  weij( 
igned  to  be  cooled  with  supercritical  helium  cooling;  the  central  cooling  channel  is  retained  in  the; 
signs  to  provide  adequate  coolant  flow  to  manage  the  high  anticipated  ac  loss  during  fast-ramped 
ration.  The  outer  jacket  of  the  CIC  also  provides  significant  structural  support  throughout  the 
4gnet  volume. 

this  study,  we  adopted  the  CIC  configuration  for  the  MgB2-based  conductor  shown  in  Figure  5.1 
accommodate  the  relatively  high  AC  conductor  loss  anticipated  in  the  superconducting  stator.  Of 
essity,  the  conductor  layout  and  stator  configuration  need  to  be  designed  iteratively.  The  space 
located  for  the  stator  windings  affects  the  magnitude  of  magnetic  field  on  the  conductor.  The 
plitude  and  time-dependent  variation  in  magnetic  field  on  the  conductor  influences  both  its  curren|t 
Tying  capacity  and  ac  loss  power  production.  The  current  carrying  capacity  determined  the  total 
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re([[uired  cross-section  of  superconductor,  while  the  ac  loss  power  influences  the  required  diameter  of 
eenter  cooling  channel.  Due  to  the  relatively  low  mass  density  of  the  20  K  helium  gas  coolant  the 
diimeter  of  the  central  eooling  channel  comprises  a  signifieantly  larger  fraction  of  the  CIC  conductoi’ 
cross-section  compared  to  liquid  helium  cooled  eonductors  operating  near  4.2  K. 

7J2  Conductor  Overview 

Nearly  all  of  the  maehine  topologies  investigated  in  this  program  assumed  the  use  of  MgB2-based 
ole  in  conduit  conductor  (CICC)  for  the  stator  design.  There  were  several  reasons  for  this  selectioiji 
St,  MgB2  retains  aeceptable  engineering  eurrent  density  at  temperatures  in  the  range  from  20  K  to 
K.  Second,  MgB2  can  be  manufactured  as  tightly  twisted,  fine  filamentary  round  strands  with 
dtropie  critieal  eurrent  properties.  Third,  the  CICC  eonfiguration  integrates  conduetor  eooling  in 
timidate  contact  with  all  cable  strands  and  provides  structural  support  for  the  strain-sensitive 
inductor  throughout  the  winding  paek. 

tor  operation  near  20  K  permits  significant  reduction  in  the  size  and  cost  of  the  eryogenie  plant 
ded  to  cool  the  stator,  eompared  to  eonduetors  operating  near  4  K.  The  use  of  high  current  densitjy 
tropie  conduetor  minimizes  the  conductor  requirement,  compared  to  conductors  with  anisotropic 
ijtical  currents  like  REBCO.  The  fine  filament  diameter  in  the  strands  minimizes  hysteresis  losses, 
ile  the  tight  twist  piteh  helps  to  minimize  coupling  current  losses. 

^ure  7.2  shows  a  cross-section  for  one  of  our  MgB2  CICC  conductor  designs,  while  Table  7. 1  lists 
racteristics  for  this  eonductor.  The  conductor  in  Figure  7.2  eonsists  of  a  eentral,  stainless  steel 
oling  tube,  surrounded  for  thirty  MgB2  triplets,  enclosed  in  an  outer  stainless  steel  jaeket.  The  ClC 
mensions  varied  signifieantly  through  the  eourse  of  the  program,  based  largely  by  the  eomputed  los 
the  eonductor  and  the  length  of  conductor  for  each  stator  winding,  which  determine  the  minimum 
oling  path  length.  The  conductor  configuration  shown  in  Figure  7.2  was  for  a  14  MW,  6.6  kV,  two- 
e  turbo-generator  operating  at  7000  RPM.  For  this  design  the  amplitude  of  the  field  variation  at 
ijiductor  typically  ranged  from  0.5  T  to  roughly  1.0  T.  Under  these  eonditions,  the  ealeulated  AC 
s  per  eonduetor  length  range  from  roughly  2  W/m  to  4  W/m. 
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Fij^ure  7.2.  Cross-seetion  of  a  typieal  MgB2  eable-in-eonduit  conductor. 

The  CICC  configuration  for  each  machine  topology  was  designed  iteratively.  The  required 
strjand  area  was  determined  using  the  peak  magnetic  field  on  the  conduetor,  the  eritical  current  densitjy 
vsl  local  magnetic  flux  density  plot  shown  in  Figure  7.3,  and  an  assumed  supereonduetor  fill  faetor  o 


15|%  [Doll]  to  limit  the  peak  phase  current  of  roughly  2kA  to  60%  of  the  conductor  critical  current, 
e  assumed  strand  parameters  of  10  pm  fdament  diameter,  10  mm  twist  pitch,  and  lO'*’  Ohm-m 
^trix  resistivity  have  been  achieved  in  prototype  1st  generation  Hyper  Tech  strand  development, 
e  not  yet  made  it  into  routine  production  [Tomsic].  The  anticipated  AC  loss  in  the  conductor  was 
culated  based  on  magnetization  hysteresis,  coupling  current,  and  transport  current  losses  in  the 
oerconductor  strands  [Tixador],  Eddy  current  losses  in  the  cooling  channel  walls  and  outer  jacket 
re  neglected  during  the  machine  topology  studies. 
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Table  7.1.  MgB2  strand,  cable  and  conductor  design  parameters. 


:n. 


Item 

Value 

Item 

Value 

Strand  diameter  (mm) 

0.256 

Strands  per  Cable 

90 

Filament  diameter  (|im) 

10 

Cable  pattern 

30x3 

Strand  twist  pitch  (mm) 

10 

Cooling  channel  ID/OD  (mm) 

4.1/ 4.6 

Matrix  resistivity  (Ohm-m) 

lO^’ 

Jacket  ID/OD  (mm) 

5.5/ 6.3 

Fraction  of  critical  current 

0.6 

Peak  operating  temperature  (K) 

25 

Peak  strand  current  (A) 

22 
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e  central  cooling  channel  diameter  for  the  CICC  in  Figure  7.2  was  determined  based  on 
rmohydraulic  considerations.  The  conductor  cooling  design  assumes  inlet  conditions  of  20  atm,  2(|) 
lielium  gas,  0.5  atm  pressure  drop,  and  3  K  temperature  rise  along  the  16  m  conductor  length, 
reliminary  cooling  channel  design  was  performed  using  standard  analytic  solutions  and  average  valre 
he  inlet  and  outlet  helium  gas  properties  [Fienhard],  and  confirmed  by  subsequent  CFD  (FFUENT) 
alysis.  The  helium  properties  needed  for  this  analysis  were  obtained  from  the  software  package 
FPROP  [Nasa].  The  peak  temperature  on  the  conductor  of  25  K  in  Table  7.1  includes  roughly  2  It 
ilnperature  drop  across  the  radial  width  of  the  cable  space.  Nominal  cooling  channel  flow  parameters 
remove  the  computed  56  W  heat  load  for  the  conductor  include:  a  mass  flow  of  3.2  g/s,  Reynolds 
her  of  2.2x105,  and  average  heat  transfer  coefficient  of  3580  W/m2-K. 
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2.1  Technology  demonstration 

Towards  the  end  of  our  high-speed  stator  program,  we  sought  to  fabricate  a  prototype  MgB2  ClCjC 
assess  the  feasibility  of  the  concept  using  the  Gramme  ring  stator  configuration,  which  permits 
tainment  of  the  rated  14  MW  generator  output  with  a  peak  field  amplitude  of  roughly  0.1  T  at  the 
inductor.  Table  7.2  shows  the  characteristics  of  the  cable  shown  schematically  in  Figure  7.2.  The 
nductor  contains  eighteen  MgB2  triplets  (54  strands  total)  and  has  an  anticipated  critical  current  ol 
ughly  4  kA  (twice  the  peak  phase  current  of  2  kA)  when  energized  in  0. 1  T  field  at  20  K.  The  outei’ 
meter  of  the  central  cooling  tube  and  inner  diameter  of  the  outer  jacket  were  chosen  to  achieve 
jighly  40~45%  void  fraction  in  the  annular  cable  space.  This  void  fraction  should  permit  the  strand^ 
be  loosely  held  in  place  without  excessive  deformation  of  the  strand  cross-sections  during 
mpaction  of  the  conductor  jacket.  In  the  event  that  strand  motion  has  negative  impact  on  MgB2  caljde 
irformance  at  these  high  void  fractions,  we  analytically  investigated  the  possibility  to  introduce  a 
uid  or  gaseous  cryogen  in  the  cable  space,  which  when  cooled  and  frozen  would  provide  the 
(luired  strand  constraint  [Voccio]. 


Table  7.2.  Target  dimensions  for  the  CICC  fabrication  trial. 


Cooling  tube  inner  diameter  [mm] 

2.69 

Cooling  tube  outer  diameter  [mm] 

3.40 

Strand  diameter  [mm] 

0.31 

Strand  twist  pitch  length  [mm] 

5 

Triplet  twist  pitch  length  [mm] 

10 

Twist  pitch  for  2"'^  cable  stage  [mm] 

100 

Estimated  void  space  in  cable  volume  [%] 

-45.5 

Jacket  inner  diameter  [mm] 

4.59 

Jacket  outer  diameter  [mm] 

5.78 
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;  procured  a  300  m  length  of  un-reacted,  tightly  twisted  (5  mm  twist  pitch  length),  fine  filament 
cro-m  diameter)  MgB2  strand  from  Hyper  Tech  Research  of  Columbus  OH  for  this  purpose, 
acted  strand  was  chosen  due  to  the  high  strain  sensitivity  of  the  MgB2  in  the  reacted  state  and 
sire  to  fabricate  a  tightly-twisted,  multiple-stage  cable  using  the  strand.  Table  7.3  summari: 
irameters  for  our  54  filament,  0.31  mm  diameter  strand,  while  the  photomicrograph  in  Figure 
ws  a  cross-section  micrograph  of  a  similar  strand  manufactured  by  Hyper  Tech  as  part  of  a  NA$ 
IR  [Tomsic].  The  strand  was  manufactured  using  Hyper  Tech’s  power-in-tube  (Type  1)  processi 
([hnology.  The  stand  in  Figure  7.4  also  contains  54  MgB2  filaments  with  niobium  barriers  embedc  i 
a  CuNi  matrix.  The  micrograph  shows  the  strand  cross-section  at  a  strand  diameter  of  0.35m] 
which  is  just  slightly  above  the  0.3 1  mm  strand  diameter  used  for  our  strand. 

Table  7.3:  Parameters  of  MgB2  strand  obtained  from  Hyper  Tech  Research 
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(mm) 

Insulation 

Heat 

treatment 

Length 

(m) 

630 

54 

Nb 

CuNi 

CuNi 

0.31 

13 

15 

5 

n/a 

n/a 
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Filjure  1  A.  Cross-section  of  a  54  filament  MgB2  strand  with  Nb  filament  barriers  and  CuNi  matrix 
0. dSmm  diameter. 
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The  CICC  fabrication  effort  began  using  surrogate,  0.3 1  mm  diameter  stainless  steel  wire  as  a 
su  bstitute  for  the  MgB2  strand,  to  minimize  risk  while  the  manufacturing  procedures  were  developec 
Th  e  goal  of  the  cable  fabrication  effort  was  to  characterize  the  MgB2  CICC  to  the  extent  possible  using 
existing  facilities  to  benchmark  our  stator  design  codes.  The  test  plan  emphasized  AC  loss 
measurement  because  this  is  the  least  well  demonstrated  aspect  of  MgB2  conductor  performance. 
Because  it  provides  a  reasonable  match  to  the  stator’s  design  operating  conditions,  we  arranged  with 
the  Center  for  Advanced  Power  Systems  (CAPS)  at  FSU  to  test  an  MgB2  conductor  sample  for  us 
us  ng  their  20  K,  helium  gas  flow  calorimeter.  We  would  prepare  the  sample  using  the  strand 
described  in  Table  7.3,  while  CAPS  would  perform  calorimetric  evaluation  of  the  losses  in  time- 
va  tying  background  field. 

During  preliminary  design  of  the  test  sample,  we  performed  more  a  detailed  evaluation  of  anticipatec 
At;^  losses  for  our  proposed  MgB2  CICC;  these  calculations  revealed  that  eddy  current  losses  induced 
in  the  conductor  jacket  were  not  negligible  and  could  actually  be  more  than  ten  times  higher  than  the 
exbected  AC  losses  in  the  MgB2  strands. 


7.3  Prototype  sample  fabrication 

As  part  of  the  technology  demonstration  program,  we  manufactured  1  m  long  CICC  prototype  using 
0.31  mm  (actually  0.012”)  diameter  stainless  steel  strand  to  qualify  all  manufacturing  steps  before 
implementing  them  on  the  most  expensive  MgB2  strand  procured  from  Hyper  Tech.  The 
manufacturing  steps  included  fabrication  of  a  65  m  long  triplet  cable,  selection  of  the  cooling  tube  arji 
jacket  from  commercially  available  sizes,  fabrication  of  the  2nd  stage  cable  by  winding  18  triplets 
around  the  chosen  cooling  tube,  drawing  the  2nd  stage  cable  into  the  chosen  conductor  jacket,  and 
compacting  the  jacket  to  its  nominal,  design  void  fraction. 

7.3.1  Triplet  cabling 

Th  e  1st  stage  triplets  for  the  prototype  sample  were  twisted  using  the  planetary  cabling  machine 
installed  in  our  laboratoy  (shown  in  Figure  7.5).  The  cabling  machine  can  accommodate  up  to  six  p^y- 
of  ’  spools,  each  with  3/4”  (1.9  cm)  shaft  diameter,  4”  (10  cm)  drum  width,  and  up  to  6”  (15  cm) 
flange  diameter.  Our  cabling  machine  is  a  two  motor  machine;  separate  motors  are  used  to  power  the 
sp  nner  and  the  drive  capstan.  The  operation  of  these  motors  is  synchronized  electronically.  The  “speed 


control”  in  Figure  7.5  sets  the  spinner  rotational  speed,  while  the  “ratio  control”  sets  the  capstan  driv 
eed  as  fraction  of  spinner  speed. 

ta  collected  during  prior  cabling  runs  is  cataloged  in  a  logbook  near  the  machine.  These  data 
1  ablish  an  approximate  set  of  parameters  to  begin  the  practice  cable  run.  The  target  twist  pitch  for  the 
ototype  triplet  was  10  mm.  The  parameters  need  to  achieve  the  desired  twist  pitch  were  fine-tuned  by 
peatedly  running  off  a  length  of  the  triplet  cable  (typically  2  m),  stopping  the  machine  to  measure  tbe 
tch,  and  adjusting  the  speed  or  ratio  control  as  needed. 

e  payoff  force  on  the  strands  is  controlled  by  adjustable,  spring-loaded  friction  brakes  applied  to  the 
ft  for  each  payoff  spool.  A  payoff  force  in  the  20~30  N  range  is  typically  for  cabling  single  stranc 
inples.  The  nominal,  0.67  mm  diameter  of  the  triplet  cable  was  set  by  the  diameter  of  a  Delrin® 
oling  die,  which  is  machine  a  few  tens  of  microns  larger  than  the  computed  diameter  of  the  cable 
ge.  A  separate  control  sets  the  torque  on  the  take-up  spool;  the  torque  needs  to  be  large  enough  to 
oothly  feed  the  cable  through  the  die  when  the  machine  is  running,  but  not  so  great  as  to  pull  the 
ole  through  the  die  when  the  machine  is  idling. 

In  preparation  for  cabling,  65  m  lengths  of  stainless  steel  strand  were  respooled  from  a  delivelry 
|do1  onto  each  of  three  cabling  machine  take-up  spools  using  the  respooling  machine  shown  in  Figr  re 
An  overview  of  the  setup  looking  along  the  length  of  the  respooling  machine  is  shown  in  Figure 
,  while  Figure  7.6b  emphasizes  the  take-up  end  of  the  machine.  The  strand  is  directed  over  and 
der  a  pair  of  guide  wheels,  one  of  which  is  connected  to  a  rotary  counter  to  measure  the  length  of 
rand  applied  to  the  take-up  spool.  The  rotational  speed  speed  of  the  take-up  spool  and  lateral  speed  of 
the  guide  wheel  traverser  were  controlled  separately  to  achieve  well-ordered  packing  of  the  strand  opto 
the  spools. 
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7.5  Planetary  cabling  machine  used  to  fabricate  the  1st  stage  triplets. 


7.3.2.  Jacket  compaction  trials 

With  the  exception  of  the  MgB2  strands,  both  the  prototype  and  the  demonstration  CICCs  were  both  to 
have  been  made  using  off-the-shelf  items.  For  a  low-temperature  superconductor-based  CICC,  where; 


moderate  strand  deformation  can  be  accommodated,  the  void  fraction  in  the  cable  space  is  often  in  thi 
range  from  0.28~0.35.  This  is  done  largely  to  minimize  strand  motions  within  the  cable  which  might 
generate  sufficient  local  energy  dissipation  to  drive  the  conductor  from  the  superconducting  state.  Fo|r 
caDle  based  on  Nb3Sn  strands,  these  void  fractions  are  also  used  to  minimize  damage  due  to  cyclic 
motion  of  the  cable  within  the  conductor. 


Figure  7.6.  Respooling  of  stainless  steel  strand  from  a  delivery  spool  onto  smaller,  pay-off  spools  to 
the  cabling  machine  spirmer. 
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Bqcause  the  effect  of  transverse  compaction  on  the  performance  of  MgB2  strands  has  not  yet  been 
roughly  investigated,  we  targeted  a  slightly  higher  void  fraction  for  our  samples,  in  the  range  fronh 
.35  to  0.45.  Because  the  diameter  of  our  strands  was  set  at  0.31  mm,  the  void  fraction  in  the  finish^ 
Die  depends  on  the  outer  diameter  of  the  cooling  tube,  the  numbers  of  triplets  in  the  finished  cable, 
the  irmer  diameter  of  the  compacted  conductor  jacket.  Because  our  CICC  was  to  be  made  using 
‘draw  through”  process,  in  which  the  finished  cable  is  first  drawn  into  an  uncompacted  jacket 
ore  the  jacket  is  compacted  to  its  final  dimensions,  the  irmer  diameter  of  the  uncompacted  jacket 
eds  to  be  large  enough  to  permit  the  cable  to  drawn  through  without  excessing  interference.  Table 
lists  commercially  available  tubes  whose  dimensions  are  in  the  range  to  serve  respectively  as  eitljer 
cooling  tube  or  conductor  jacket. 


Table  7.4.  Candidate,  commercially  available  tubes  for  cooling  channel  and  jacket. 


Candidate  location 

in  CICC 

Nominal,  uncompacted  inner 
diameter  [mm] 

Nominal,  uncompacted  outer 
diameter  [mm] 

Cooling  tube 

2.67  (0.105") 

3.18  (0.125") 

Cooling  tube 

2.69  (0.106") 

3.40  (0.134") 

Cooling  tube 

3.00  (0.118") 

3.76  (0.165") 

Cooling  tube 

3.43  (0.135") 

4.19  (0.165") 

Jacket 

5.33  (0.210") 

6.35  (0.250") 

Jacket 

5.71  (0.225") 

7.21  (0.283") 

Jacket 

6.17  (0.243") 

7.95  (0.313") 

Jacket 

6.53  (0.257") 

7.95  (0.313") 

e  specific  combination  of  cooling  tube,  numbers  of  triplets,  and  jacket  used  for  the  prototype 
s  determined  based  on  compaction  trial  performed  using  candidate  jacket  specimens.  Because  the 
iket  is  significantly  stiffer  than  the  rest  of  the  conductor,  compaction  trials  on  empty  jacket  section^ 
ovide  nearly  the  same  result  as  compaction  of  the  entire  CICC.  The  compaction  trials  were 
rformed  using  a  commercial  swaging  machine  (shown  in  Figure  7.7)  located  at  Supercon,  Inc.  Us^ 
his  machine  was  arranged  by  a  former  colleague  who  has  frequent  dealings  with  Supercon.  The 
aging  dies  available  for  these  trials  were  designed  to  achieve  compacted  diameters  of:  0.210”, 

130”,  0.250”,  and  0.280”.  Table  7.5  summarizes  the  results  of  the  compaction  trials.  Two  dies  wer 
ed  for  each  of  the  candidate  jackets  listed  in  Table  7.4.  Table  7.5  lists  both  nominal  and  measured 
er  diameters  (OD)  for  each  combination  of  tube  size  and  die  diameter.  The  outer  diameter  for  each 
e  was  measured  using  digital  caliper.  The  value  reported  in  Table  7.5  is  the  average  value  obtained 
m  orthogonal  measurements  performed  at  seven  locations  along  each  ~1  m  long  tube.  The  inner 
meters  (ID)  for  the  tubes  were  calculated  using  the  weight  for  each  tube,  the  density  for  stainless 
(8000  kg/m3),  and  the  tubes  measured  OD  and  length.  Based  on  the  result  of  these  compaction 
,  a  tube  with  nominal  ID  of  2.69,  nominal  OD  of  3.40  mm  was  selected  for  the  cooling  tube.  A 
tube  with  nominal  ID  of  5.33  mm  and  nominal  OD  of  6.18  mm  was  selected  for  the  jacket,  while  the 
caDle  space  was  fdled  with  eighteen  triplet  sub-cables  at  a  nominal  void  fraction  of  45%. 
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j^ure  7.7.  Swaging  machine  at  Supercon,  Inc.  used  for  the  compaction  trials  and  completion 
ICC  prototype  sample. 
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Ta 

ble  7.4.  Resu 

ts  from  compaction  trials  performed  at  Supercon,  Inc. 
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ominal  tube 
OD  [mm] 

Uncompacted 
OD  [mm] 

Uncompacted 
ID  [mm] 

Compaction 
die  size  [mm] 

Compacted 
OD  [mm] 

Compacted 

ID  [mm] 

> 

'.95  (0.313") 

7.92 

6.10 

6.43 

4.30 

> 

'.95  (0.313") 

7.87 

6.06 

7.07 

5.10 

i 

'.95  (0.313") 

7.85 

6.46 

7.07 

5.57 

i 

'.95  (0.313") 

7.75 

6.31 

6.40 

4.76 

> 

'.21  (0.283") 

7.09 

5.70 

6.36 
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4.22 
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;.35  (0.250") 

6.36 
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3.3  Second-stage  cabling 

e  2nd  cable  stage  was  fabricated  by  hand  using  the  6  mm  thick  by  50  mm  diameter  Delrin®  die 
wn  in  Figure  7.8.  The  Delrin  die  was  equipped  with  a  3.58  mm  diameter  center  hole  to  provide  a 
ht  slip  fit  over  the  cooling  tube,  and  eighteen  0.79  mm  diameter  holes  equally  spaced  on  a  4.5  mm 
ius  about  the  center  of  the  die. 

e  2nd-stage  cable  was  fabricated  using  eighteen,  1.3  m  lengths  of  the  stainless  triplet  and  aim 
gth  of  the  3.4  mm  OD  cooling  tube  listed  in  Table  7.4.  To  start  the  fabrication,  the  triplets  were 
dhtly  secured  near  the  center  of  the  cooling  tube  using  stainless  steel  wire.  The  ends  of  the  triplets 
ar  one  end  of  the  cable  were  also  temporarily  secured  and  the  tube  was  up  righted  and  secured 
ertically  using  a  lab  stand,  so  that  the  free  end  of  the  triplets  hung  down  vertically.  The  cabling  die 
installed  onto  the  cooling  tube  and  the  triplets  were  inserted  in  sequence  into  the  circular  hole 
item.  The  die  was  then  slid  up  towards  the  secured,  center  section  of  the  triplets  so  that  cabling  coijild 


pr( 
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tub' 
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oceed  from  the  sample  center  to  the  free  end.  The  radial  black  mark  was  used  to  indicate  each  full 
mlution  of  the  die  as  it  was  simultaneously  rotated  and  translated  along  the  length  of  the  cooling 
e.  A  meter  stick  (not  shown  in  Figure  7.8)  was  mounted  vertically  next  to  the  cabling  stand  to 
asure  the  ~75  mm  twist  pitch  for  each  rotation  of  the  die.  The  twisted  2nd  stage  cable  was  securec 
:ry  two  twist  pitches  using  stainless  steel  wire. 


Fi 


^ure  7.8.  Hand-held  die  to  cable  the  eighteen  triplets  around  the  central  cooling  tube. 


ed 


Once  the  first  end  of  the  cable  was  complete,  the  sample  was  removed  from  the  lab  stand  and  invert' 
so  that  the  cabling  process  could  be  repeated  starting  from  the  secured  center  section  of  the  triplets  ai 
working  towards  the  opposite  end  of  the  sample.  We  believe  that  cable  fabrication  can  be  readily 
scaled  to  long  length  using  commercial  cabling  equipment.  For  the  superconducting  armatures 
examined  in  this  study,  the  maximum  cable  length  was  about  16  m  (corresponding  to  4  turns  around 
the  stator  yoke). 


3.4  Cable  draw-through  and  compaction 

e  CICC  sample  fabrication  was  completed  by  first  pulling  the  triplet  wrapped  cooling  tube  into  the 
nlcompacted  jacket  using  a  length  of  stainless  steel  wire  as  a  guide.  To  minimize  the  chance  of  the 
ale  expanding  during  this  process  the  stainless  steel  ties  holding  the  triplets  against  the  cooling  tub 
re  left  in  place  until  the  corresponding  section  was  about  to  enter  into  the  jacket.  Additionally,  the 
ale  was  passed  through  a  5.30  mm  diameter  Delrin  cabling  die  mounted  at  the  leading  edge  of  the 
cket  as  shown  in  Figure  7.9  to  ensure  that  it  entered  smoothly  into  the  jacket. _ 


nd 
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Fijjure  7.9.  Cabling  die  to  guide  the  cable  into  slightly  larger,  un-compacted  jacket. 


thif( 

A 

th^ 

jai 

loi 


Once  the  cable  was  pulled  completely  into  the  jacket,  the  jacket  with  cable  installed  was  pass 
ough  the  swaging  machine  shown  in  Figure  7.7  to  complete  the  fabrication  of  our  prototype  CICC 
photo  of  the  completed  CICC  prototype  is  shown  in  Figure  7. 10.  The  loop  at  the  end  of  the  cable  to 
right  of  the  photo  was  attached  to  a  stainless  steel  lead  wire  used  to  draw  the  cable  through  the 
([ket.  We  believe  that  it  is  technically  feasible  to  fabricate  demonstration  cables  that  are  about  10  m 
g  using  the  process  described  above.  Longer  length  cables  would  most  likely  need  to  be  made 
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US  ng  a  commercial  cabling  line. 


jure  7.10.  Stainless  steel  CICC  prototype  following  jacket  compaction. 
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3.5  Thermohydraulic  Considerations 

e  central  eooling  channel  diameter  in  the  CIC  was  determined  based  on  thermohydraulic 
ijisiderations.  The  conductor  cooling  design  assumes  inlet  conditions  of  20  atm,  20  K  helium  gas,  0. 
pressure  drop,  and  3  K  temperature  rise  along  the  conductor  length.  Because  of  the  low  mass 
sity  of  helium  gas  at  20  K,  there  is  virtually  no  flow  through  the  cable  spaee  for  the  chosen  pressii: 
p,  if  the  cable  spaee  were  conneeted  to  the  flow  ehannel.  The  3.0  mm  eooling  channel  i.d.  listed  i 
7.4  is  based  on  an  average  AC  loss  heat  load  of  28  W.  Preliminary  eooling  channel  design  was 
bformed  using  standard  analytie  solutions  and  average  value  of  the  inlet  and  outlet  helium  gas 
operties  [Lienhard],  and  eonfirmed  by  subsequent  CFD  (FLUENT)  analysis.  The  helium  properties 
;ded  for  this  analysis  were  obtained  from  the  software  paekage  REFPROP  [NIST].  Nominal  eooliii: 
innel  flow  parameters  inelude:  a  mass  flow  of  3.2  g/s,  Reynolds  number  of  2.2x10^,  and  average 
t  transfer  eoeffieient  of  3580  W/m^-K. 

complete  the  CIC  design,  the  diameter  of  the  MgB2  strand  was  freely  varied  to  best  fill  the  annuls  ; 
between  the  outer  diameter  of  the  eooling  channel  and  inner  diameter  of  the  conductor  jaeket.  TI  j 
%  void  fraction  in  the  cable  space  minimizes  the  free  space  between  strands  while  minimizing  stri 
brmation.  A  two-stage  eable  design  was  used,  based  on  stage  triplets  that  were  helically  wrapp 
bund  the  eooling  channel  to  form  the  2"‘*  eable  stage.  A  solid  wall  tube  was  used  for  the  eooling 
channel.  The  wall  thickness  for  both  cooling  channel  and  jacket  were  ehosen  to  permit  pressurization 
of  the  eable  space  to  at  least  100  atm,  without  risk  of  either  cooling  channel  eollapse  or  jacket  ruptur(; 
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7.4  Two-layer  CORC 

Figure  5.4  illustrates  the  two  layer  CORC  envisioned  for  our  high-speed  stator.  The  eable  is  designed 
operate  at  approximately  50  K  in  presenee  a  nominal  field  of  field  of  0.5  T.  Under  these  condition  s, 
expected  lift  factor  is  approximately  3.  Assuming  100  A,  77  K,  self-field  eritical  current,  a  peak 
rating  current  of  2.04  kA  and  fraction  of  critical  current  operation  of  roughly  60%,  we  will  requir|e 
iighly  12  tapes  in  all,  divided  equally  into  six  tapes  per  layer.  To  distinguish  between  layers,  the 
inner  layer  of  REBCO  tape  is  shown  in  orange,  while  the  outer  layer  is  shown  in  violet. 


Figure  5.4.  Illustration  of  2-layer,  12-tape  eable-on-round-eore  eonduetor  for  the  stator  windings. 


•  Two-layer  cable  wound  on  1 1  mm  OD  tube 

•  Six  tapes  in  each  layer 

•  4  mm  wide  tape  with  0.5  mm  gap  between  tapes 

•  Straight  cable  inductances 

•  Inductance  from  axial  component  of  current  flow,  plus 

•  Inductance  from  azimuthal  component  of  current  flow 

•  Layer  pitch  direction  changes  handedness,  increasing  coupling  between  layers 

•  Time-stepping  current  calculation  using  applied  voltage  and  inductance  inverse  matrix 

•  Includes  effect  of  layer  self-field  in  critical  current  (fit  needs  updating) 

•  Includes  effect  of  layer  to  terminal  resistances 

•  Neglects  background  field  and  probable  shielding  current  in  the  layers 


Figure  5.5  Electrical  circuit  model  used  for  the  2-layer  CORC. 
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Figure  5.6a.  Computed  variation  in  phase  eurrent 


Figure  5.6b.  Self-magnetie  field  is  higher  on 
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Figure  5.6e.  Computed  layer  eurrents  are  equal  when  phase 
eurrent  is  far  from  eomputed  eritieal  eurrent. 


Figure  5.6d.  Computed  eritieal  eurrent  shows  larger  variation  in 
outer  layer  due  to  field  effeets. 
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81  Quench  detection  and  protection  for  MgB2 

Lc  ss  power  in  the  MgB2  cable  remains  low  as  long  as  the  cable  remains  in  the  superconducting  state 
Lc  cal  power  dissipation  increases  considerably  if  for  some  reason  a  portion  of  the  cable  were  to 
transition  to  the  normal  (resistive)  state.  This  transition  might  occur,  for  instance,  due  to  transient 
disturbance  to  the  conductor  cooling  system.  If  the  transition  to  resistive  state  is  quickly  detected 
control  circuitry  to  block  current  flow  in  the  stator  windings  can  be  activated  at  the  zero  current 
crossing,  within  a  fraction  of  a  line  cycle  to  prevent  run  away  heating  of  the  conductor.  Preventing 
current  flow  in  the  stator  windings  can  be  achieved  rapidly  by  opening  the  output  power  connections 
from  the  generator  using  solid  state  switches.  The  main  challenge  in  the  electrically  noisy  stator 
environment  is  to  reliably  detect  a  growing  normal  zone  in  the  MgB2  cable  before  the  local  temperati|ii 
rise  threatens  cable  integrity. 


re 


8J1  Hot  spot  temperature  rise 

The  MgB2  stator  conductor  relies  on  use  of  a  highly  resistive  matrix  between  the  superconductor 
ments  to  limit  coupling  losses  during  operation.  This  works  to  good  advantage  as  long  as  the 
ijiductor  remains  fully  superconducting,  but  leads  to  relatively  high  resistive  dissipation  in  the  case 
t  superconductivity  is  lost. 

^ure  6. 1  shows  a  typical  cross-section  view  of  an  MgB2  strand  manufactured  by  Hyper  Tech 
e  search.  The  strand  contains  an  approximate  filament  area  fraction  of  15%,  copper  area  fraction  of 
%,  matrix  area  fraction  (the  material  between  filaments)  of  about  35%,  while  the  outer  Monel  shea|th 
mprises  roughly  35%  of  the  total  area  fraction.  The  copper  core  is  used  to  improve  the  transient 
rmal  stability  of  the  strands  against  small  disturbances.  Typical  high  resistance  matrix  materials 
(|;lude  the  Cu-lONi  and  Cu-30Ni  alloys.  The  alloy  with  lower  nickel  fraction  is  slightly  easier  to 
w,  while  the  higher  nickel  alloy  has  slightly  higher  resistivity, 
ikder  adiabatic  conditions  the  temperature  rise  in  the  cable  following  a  quench  (the  unplanned 
nsition  from  the  superconducting  to  the  normal  state)  depends  on  the  cable  composition  and  the 
duration  of  the  heating  period.  That  is. 
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where  Ims  is  the  RMS  phase  current,  ris  the  heating  duration,  Re(T)  is  the  temperature-dependent, 
ective  electrical  resistance  of  the  cable,  m  is  the  cable  mass,  Cp,e(T)  is  the  temperature-dependent, 
bctive  heat  capacity.  To  is  the  initial  temperature,  and  T,  is  the  temperature  of  the  cable  at  time  x. 

^T)  and  Cp_e(T)  are  weighted  averages  of  the  temperature-dependent  properties  for  the  cable 
nstituents.  Actually  some  portion  of  the  heating  power  dissipated  in  the  cable  is  transferred  to  the 
•rounding  coolant  and  to  the  cable  jacket,  so  this  relation  yields  a  slightly  conservative  estimate  of 
th^  temperature  vs  time  behavior  of  the  cable  following  quench.  The  use  of  RMS  phase  current 
umes  that  the  heating  duration  will  extend  past  several  line  cycles,  for  which  the  use  of  an  average 
hehting  power  is  computationally  easier  to  implement. 
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jure  8.1.  Typical  cross-section  view  of  an  MgB2  strand.  Figure  from  Hyper  Tech  Research. 
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Be  cause  the  initial  length  of  the  normal  zone  is  generally  not  well  known,  the  resistive  heating  vs 

temperature  rise  relation  is  typically  re-written  to  minimize  geometric  dependencies.  The  effective 

caDle  resistance  can  be  determined  by  adding  all  component  resistances  in  parallel: 
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where  Rcu  is  the  resistivity  of  the  copper  fraction  in  the  cable,  Rnonei  is  the  resistivity  of  the  Monel 
sheaths,  Rcu-m  is  the  resistivity  of  the  matrix  material,  and  RMgB2  is  the  resistivity  of  the  fdaments.  Th 
sistivity  vs  temperature  of  MgBi  in  the  normal  state  is  not  well  known  and  will  be  excluded  from 
ither  calculations.  The  resistance  of  the  remaining  components  (denoted  by  value  “x”)  depend  on  (he 
a  fraction  of  the  component.  Ax,  the  cable  area  (excluding  MgB2),  Ac,  its  temperature  dependent 
iistivity,  Px(T),  and  the  length  of  the  initial  resistive  zone,  /.  The  metallic  area  in  the  cable,  Ac,  is 
raply  the  number  of  strands  in  the  cable,  Hs,  times  the  metallic  area  in  each  strand.  As.  Expressing  thji 
ole  resistance  in  terms  of  the  component  properties  yields: 
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Th  e  effective  heat  capacity  of  the  cable  is  determined  in  similar  fashion,  where  the  density  of 
component  “x”  is  denoted  Dx  and  temperature-dependent  heat  capacity  is  denoted,  Q,,x- 

m  Cp_e(T)  =  Dg  Ac  I  Cp_e(T) 
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Th  e  heating  duration  vs  temperature  rise  equation  can  be  rearranged  to  include  all  temperature- 
dependent  properties  inside  the  integral  on  the  right  hand  side  of  the  equation  and  then  simplified  to 
minimize  the  geometric  dependencies  as  follows: 
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e  final  version  of  the  equation  relates  the  average  current  density  in  the  metallic  portion  of  the  cab 
measurable  physical  properties,  to  determine  the  rate  of  temperature  rise  in  the  cable  following 
ench,  until  current  flow  in  the  cable  is  interrupted  at  time  r. 

^ure  8.2a  shows  the  time-dependent  variation  in  heat  capacity  for  the  metallic  portions  of  the  cable 
ed  for  the  calculations  [6.1  -  6.5],  while  Figure  8.2b  shows  the  time-dependent  variation  in  electric  i 
sistivity  [Hampton,  Copper,  NIST,  OTER,  Kaye].  Table  8.1  summarizes  the  cable  parameters  for  the 
gBi  CIC  stator  conductor  shown  in  Figure  5.1b,  for  which  the  temperature  rise  vs  time  calculations 
re  performed. 
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igure  8.2a  Heat  capacity  vs.  temperature  for 
:  ible  constituents. 


Figure  8.2b  Electrical  resistivity  vs. 
temperature  for  cable  constituents. 


time  calculations. 


F 

MS  phase  current  [A] 

1441 

S 

hand  diameter  [mm] 

0.35 

h 

fumbers  of  strands  in  cable 

51 

1 

otal  metallic  area  in  cable,  Ac  [m  ] 

4.2x10'^ 

F 

MS  current  density,  /V»,i  [A/m  ] 

3.5x10** 

A 

jea  fraction  of  copper  in  metallic  cable  area,  Ac« 

17.6% 

A 

jea  fraction  of  Monel  in  metallic  cable  area,  Auonei 

41.2% 

A 

jea  fraction  of  Cu-Ni  in  metallic  cable  area,  Xcu-m 

41.2% 

E 

lensity  of  copper,  Dcu  [kg/m3] 

8920 

E 

lensity  of  Monel,  Z^Mone/  [kg/m3] 

8800 

E 

lensity  of  Cu-Ni,  Dcu-m  [kg/m3] 

8900 

Fijpire  8.3  shows  the  computed  temperature  rise  vs  elapsed  time  following  initiation  of  a  normal  zon(; 
in  the  MgBi  cable.  The  maximum  allowed  temperature  in  the  cable  depends  on  several  factors,  but 


most  typically  it  is  limited  to  below  200~300  K  based  on  eoneems  over  mechanical  damage  due  to 
differential  thermal  expansion  of  the  eonductor  relative  to  its  surroundings.  Figure  8.3  indicates  that 
these  peak  temperature  oceurs  for  the  MgB2  CIC  eonductor  within  roughly  0.17s  to  0.22s  of  a  quenc|h 
evmt. 
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Figure  6.3.  Temperature  at  quench  initiation  location  vs.  elapsed  time  following  the  queneh. 

8.2  Added  copper  strands 

Th  e  ability  to  detect  a  quench  in  an  electrically  noisy  environment  depends  in  part  on  how  quiekly  th|e 
rmal  zone  grow.  The  resistive  voltage  drop  needs  to  increase  rapidly  enough  so  that  it  ean  be 
nambiguously  detected  above  the  level  of  background  noise  in  the  queneh  deteetion  signal  before  th 
nductor  is  damaged  by  exeessive  temperature  inerease  at  the  queneh  initiation  location.  A 
ommonly  used  method  to  limit  the  temperature  rise  in  a  eonductor  following  quench  is  to  increase  i|i 
oper  fraction.  Figure  8.2b  shows  that  the  eleetrieal  resistivity  for  pure  copper  is  several  orders  of 
agnitude  below  that  for  either  the  Monel  sheath  or  Cu-Ni  matrix  material,  while  Figure  8.2a  shows 
t  the  heat  eapacities  for  all  three  materials  are  nearly  the  same.  That  is,  signifieant  inerease  in  the 
bper  fraction  in  the  MgB2  CIC  can  significantly  reduce  the  rate  of  temperature  rise  at  the  hot  spot, 
a  ther  than  alter  the  MgB2  strand  eonfiguration,  which  is  already  optimized  for  reliable  strand 
anufaeture,  the  increase  in  copper  fraction  in  the  eable  is  most  commonly  achieved  by  adding  pure 
oper  strands  to  the  eable  pattern.  To  limit  coupling  losses  in  the  eable  whieh  might  result  from  the 
ition  of  pure  eopper,  the  strands  are  typieally  eoated  with  a  highly  resistive  material  like  niekel 
e  to  limit  current  transfer  between  strands  during  routine  operation. 

8.2  summarized  the  inerease  in  copper  area  fraction  resulting  from  the  addition  of  23  pure 
i^iper  strands  (with  0.35mm  diameter)  to  the  eable  layout  shown  in  Figure  7.2  and  deseribed  in  tabl^ 

,  while  Figure  8.4  shows  the  effeet  of  the  added  copper  strands  on  the  eomputed  temperature  rise 
psed  time  following  a  cable  queneh.  The  time  to  reaeh  200K  to  300K  has  increased  to  slightly  ove: 
which  should  allow  sufficient  time  to  reliably  detect  a  stator  winding  quench  before  any  damage  i  s 
ne.  The  added  eopper  strand  reduee  heat  generation  in  the  eable  by  both  redueing  the  effeetive  cable 
sistanee,  and  by  reducing  the  overall  eable  eurrent  density. 
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Table  8.2:  Change  in  cable  copper  fraction  following  addition  of  23  pure  copper  strands 
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MS  phase  current  [A] 

1441 

S 

hand  diameter  [mm] 

0.35 

umbers  of  MgBi  composite  strands  in  cable 

51 

hjiumber  of  pure  copper  strands  in  cable 

23 

h 

2 

letallic  area  in  original  cable,  Ac  [m  ] 

4.2x10'^ 

h 

letallic  area  in  cable  with  added  copper  strands,  [m  ] 

6.4x10'^ 

F 

MS  current  density  in  cable  with  copper  strands 

Vm^] 

2.3x10** 

A 

jea  fraction  of  copper  in  metallic  cable  area,  Ac« 

46.2% 

A 

jea  fraction  of  Monel  in  metallic  cable  area,  Auonei 

26.9% 

A 

jea  fraction  of  Cu-Ni  in  metallic  cable  area,  Acu-m 

26.9% 
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^ure  8.4.  Temperature  at  quench  initiation  location  vs.  elapsed  time  following  the  quench  for  an 
gB2  cable  with  added  pure  copper  strands. 


8.3  Solid  cryogen  stabilized  MGB2  cable 

W ;  have  examined  the  possible  use  of  a  solid  cryogen  installed  within  the  MgB2  cable  space  as  a 
means  to  reduce  the  radial  temperature  gradient  across  the  cable,  to  provide  localized  heat  capacity  (a; 
cans  to  reduce  the  likelihood  of  quench),  and  to  help  reduce  the  rate  of  temperature  rise  at  the 
i|ench  initiation  site  in  the  unlikely  event  that  the  conductor  could  quench.  The  center  channel  in  the 
1  channel  CIC  would  of  course  remain  clear  to  facilitate  the  circulation  of  cryogen  coolant  througi 
stator  winding.  In  addition  to  its  thermal  properties,  a  solid  cryogen  filler  can  also  help  to 
^chanically  stabilize  the  strands  in  the  MgBi  CIC  by  freezing  them  in  place  as  the  cryogen  solidifi^ 
j  considered  several  options  for  the  solid  cryogen,  such  as  nitrogen,  hydrocarbons  and  other 
orofluorocarbons  (CFCs)  that  have  a  range  of  melting  temperatures  and  volumetric  expansions 
m  solid  at  operating  temperature  to  fixed  volume  at  room  temperature).  We  have  examined 
plications  for  the  quench  protection  and  conductor  stability,  enhanced  through  direct  contact  with 
solid  cryogen,  which  has  high  heat  capacity  and  thermal  conductivity  (compared  with  helium  gas|) 
Spending  on  the  cryogen,  the  stator  could  be  filled  initially  either  with  liquid  at  atmospheric 
editions  or  a  gas  at  high  pressure  (-100  atm).  After  cooldown,  the  cryogen  in  the  cable  space  will 


solid,  essentially  locking  the  strands,  preventing  strand  motion  and  degradation  due  to  mechanical 
deformation  while  providing  enhanced  thermal  capacity  for  stability  and  protection. 

8.3.1  Thermal  model  during  steady  operation 

Figure  8.5  shows  a  simple  2D  thermal  model  used  to  calculate  the  thermal  behavior  of  this  MgB2 
caDle.  The  heat  transfer  coefficient  to  the  inner  cold  helium  gas  stream  was  calculated  by  the  FLUEh 
analysis  discussed  in  Section  5  and  is  equal  to  3580  W/m^-K,  whereas  the  outside  of  the  cable  is 
assumed  to  be  insulated  due  to  the  vacuum  environment. 
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^ure  8.5.  Simple  model  of  solid-nitrogen  filled  cable-in-conduit  cable  (CICC). 
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performed  a  simple  steady-state  analysis  to  determine  the  radial  temperature  distribution  in  the 
ale  taking  into  account  only  the  AC  loss  heat  load  on  the  conductor.  Assuming  a  thermal 
inductivity  of  ~1  W/m-K  for  a  typical  solid  cryogen  [Konstatinov],  this  model  predicts  a  temperature 
e  of  0.4  K  across  the  cable  space  as  shown  in  Figure  6.6a.  This  indicates  that  the  heat  transfer  to  the 
d  helium  gas  on  the  inside  of  the  cable,  along  with  the  thermal  conductivity  of  ~1  W/m-K,  is 
ficient  to  maintain  an  acceptable  radial  temperature  rise  of  <  0.5  K  across  the  cable  under  AC  los^ 
ting. 

contrast,  for  the  conventional  case  where  the  annular  space  is  fdled  with  stagnant  cold  helium  gas 
a  thermal  conductivity  of  only  ~25  mW/m-K  [Lemmon],  the  temperature  rise  shown  in  Figure 
becomes  1 . 1  K,  which  is  high  for  an  MgBi  cable  at  this  nominal  operating  temperature,  especial  ly 
en  the  3  K  temperature  rise  along  the  conductor  length  is  taken  into  account.  Therefore,  for  this 
sign,  it  is  desirable  to  fdl  the  annular  space  with  a  either  a  solid  cryogen  or  some  material  with 
tably  high  thermal  conductivity.  For  multi-stage  cables  with  larger  radial  build,  the  effect  of  solid 
cryogen  to  reduce  the  radial  temperature  gradient  will  be  even  more  pronounced. 
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^re  8.6.  Temperature  distribution  (K)  due  to  AC  loss  heating:  (a)  solid  cryogen;  (b)  stagnant 


.  Scale  ranges  from  20.2  K  (blue)  to  20.6  K  (red  in  figure  a)  or  21.3  K  (red  in  figure  b). 


he  lium  gas 


There  are  also  3D  effeets  that  affect  the  temperature  as  the  strands  are  wound  helieally,  and 
axial/helical  heat  transfer  ean  introduce  an  enhanced  radial  heat  transfer  in  the  cable  spaee.  The  ratih 
of  the  axial  heat  flow  along  the  strand  (from  the  point  of  eontaet  with  the  jaeket  to  the  point  of  eontact 
with  the  eooling  channel)  to  the  radial  heat  flow  across  the  cable  spaee,  qa/qr,  can  be  shown  to  be  giver 
approximately  by: 


qa/qr 


■  2  Ar  /p^f(l-J)ksoiid/kgas 


will 

ax 

w 


ere  Ar  is  the  radial  extent  of  the  strand  spaee,  p  is  the  piteh  of  the  strands  and  kgas  and  ksoKd  are  the 
ial  and  radial  thermal  eonductivities,  and /is  the  solid  fraction  in  the  eable  space.  For  the  propertied 
helium  gas  filling,  assuming  a  20  mm  piteh  length  for  the  strands,  the  ratio  between  the  axial  and 
radial  heat  flows  is  about  0.1.  Thus,  we  can  neglect  the  axial/helieal  heat  transfer,  and  eonsider  only  ihe 
contribution  to  radial  heat  flow  in  the  eable  space. 
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3.2  Transient  Analysis 

xt,  the  transient  queneh  behavior  of  this  eable  was  analyzed.  The  enthalpies  for  various  seleet 
ogens  are  plotted  as  a  function  of  temperature  in  Figure  6.7  [Younglove],  and  a  summary  of  some]  < 
pertinent  eryogenie  data  for  these  cry  ogens  is  provided  in  Table  6.3. 
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Fij^ure  8.7.  Enthalpy  curves  for  several  seleet  solid  eryogens  vs  temperature 

Dikring  quench,  the  current  in  eaeh  strand  is  transferred  from  the  MgB2  filaments  to  the  copper 
sta  bilizer  whieh  comprises  ~15%  of  the  strand  cross-sectional  area.  The  objective  of  this  analysis  wad 
to  determine  the  time  at  which  cryogen  vaporization  started  to  occur.  Once  vaporization  oecurs,  there 
would  be  a  eorresponding  localized  pressure  rise  which  could  damage  the  eable  by  either  rupturing 
jacket  or  buckling  the  cooling  channel;  therefore,  the  goal  is  to  determine  the  time  before  vaporizatio|i 
occurs,  in  order  to  avoid  this  eondition. 
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Table  8.3.  Data  for  selected  cryogens. 


Cryogefi 

Density  ^  20  K 

i«/«i 

Thermj)  conducthrfty  Mettif>g  point 
€»20K[W/m-K)  91  atm  (K] 

Heat  of  Fusion 
lJ/cc| 

Boiling  point 
91atfn(K] 

Density  9  29$  K 

l8/cc) 

Porosity 

920K 

l%I 

Af|on  (Af) 

1.71  (solid) 

i.rT  (•  slop*) 

83.8 

41 

87.2 

0.17  (gas  9  100  atm) 

90 

H«4iumg«s  (He) 

0.01$  (9 
*tm) 

0.032^  (4^  slop*) 

n.a. 

n.a. 

4.2 

0.015  (gas  9  100  atm| 

n.a. 

Nitrogen  (Ni) 

1.02  (solid) 

0.4*  (•  slop*) 

63.1 

20 

77.4 

0.11  (gas  9  100  atm) 

89 

Meth«rvol(CHjOH) 

1.03  (solid) 

o.ir’(4  slop*) 

151 

10 

337 

0.79  (liquid  9  latm) 

23 

Prop«r>«  (C>Hi)) 

0.73  (solid) 

1-1.5*  (-  slope) 

84.5 

39 

231 

0.49  (liquid  9  10  atm) 

30 

Th  e  results  of  the  transient  thermal  analysis  are  provided  in  Figure  8.8.  These  results  take  into  accoui|it 
the  increase  in  copper  stabilizer  resistivity,  which  increases  the  Joule  heating,  as  the  temperature 
increases.  The  results  show  only  marginal  improvement  in  time  response  for  using  argon  or  nitrogerj, 
as  opposed  to  methanol  or  propane.  Also,  both  methanol  or  propane  have  much  higher  vaporization 
temperatures;  therefore,  the  overall  response  time  is  ~3  times  longer,  since  the  allowable  final 
temperature  can  be  higher. 
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Fiture  8.8.  Temperature  rise  vs.  time  following  quench  with  the  cable  filled  with  various  solid 
crmgens. 

Th  e  ideal  condition,  namely  to  use  a  fully  dense  solid  cryogen  is  unlikely  to  be  achieved  in  practice 
due  to  safety  concerns,  as  the  cryogen  would  need  to  be  continually  supplied  during  cooldown.  A 


safer  procedure  is  to  fill  the  system  initially,  seal  it  off  and  then  cool  the  conductor  to  its  20  K 
operating  temperature. 

Nitrogen  is  a  gas  at  atmospheric  pressure;  therefore,  if  nitrogen  is  used  as  the  solid  cyogen  it  would 
be  necessary  to  fill  the  cable  with  high  pressure  nitrogen  gas,  in  an  effort  to  maximize  the  initial 
mass  of  nitrogen  in  the  cable  space.  If  the  cable  were  filled  with  100  atm  nitrogen  gas,  upon 
cooldown  to  20  K,  the  resulting  solid  nitrogen  will  have  a  porosity  of  >  80%.  This  significantly 
reduces  the  effectiveness  of  nitrogen;  however,  the  overall  effect  on  the  thermal  response  is  small 
(~  10%)  due  to  the  relatively  large  heat  capacity  of  the  wires. 

Cc  inversely,  if  either  propane  or  methanol  were  used,  the  system  could  be  initially  filled  with  liquid 
at  atmospheric  pressure  in  the  case  of  methanol,  or  about  8-10  bar  in  the  case  of  propane.  Upon 
cooldown  to  20  K,  the  resulting  solid  has  a  porosity  of  only  ~25%,  in  which  case  the  effect  of 
porosity  on  thermal  response  is  negligible 

Assuming  either  propane  or  methanol  were  used,  the  following  cooldown  procedure  could  be 
ustd: 

Fill  stator  winding  with  selected  liquid  or  gas. 

Start  cooldown  with  cold  nitrogen  gas  flowing  through  the  cooling  channel  until  reaching 
-100  K, 

Start  circulating  cold  helium  gas  through  system  until  reaching  20  K. 


1. 

2. 

3. 


8.3.4  Conclusions 

Th  e  use  of  solid  cryogens  to  improve  both  the  thermal  and  mechanical  stability  of  a  cable-in-condur: 
caDle  used  in  the  MgBi  stator  windings  of  a  superconducting  generator  has  been  investigated.  We 
have  investigated  nitrogen,  argon,  propane  and  methanol.  Due  to  their  higher  vaporizatior 
temperature  and  reduced  densification,  and  therefore  lower  porosity,  upon  cooldown  to  the  20  K 
operating  temperature,  either  propane  or  methanol  are  preferable  over  nitrogen  or  argon. 

Th  e  thermal  conductivity  of  the  solid  cryogen  is  about  1  order  of  magnitude  higher  than  gaseous 
helium  at  20  K.  Thus,  it  is  substantially  more  effective  at  removing  the  power  from  the  strands, 
useful  in  applications  where  there  is  substantial  heating,  such  as  in  AC  applications. 

8.4  Quench  detection  using  co-wound  voltage  tap  in 

MgB2  CICC 

Th  e  most  commonly  used  method  to  detect  a  quench  in  a  superconducting  coil  is  to  monitor  the  coil 
voltage  looking  for  change  in  the  resistive  component.  Bridge  cancellation  and  other  techniques  are 
used  to  cancel  the  much  stronger  inductive  voltage  components  due  to  changing  coil  currents.  For  oulr 
sta  tor  coils  the  peak  phase  current  is  on  order  of  2kA.  Sinusoidal  current  variation  at  the  designed  117 
H2;  operating  frequency  yields  peak  current  variation  on  order  of  1.5  MA/s,  resulting  in  pronounced 
inductive  variation  within  the  stator  winding,  which  is  generally  out  of  phase  with  voltage  pick-up  dile 
to  variation  in  magnetic  flux  imposed  by  the  rotor.  Similarly,  assuming  roughly  0.5T  peak  external 
field  on  the  stator  conductor  yields  a  peak  field  change  rate  on  order  of  370  T/s.  Current  transfer 
among  strands  in  a  cabled  conductor  is  relatively  poor,  especially  when  the  cable  uses  strands  with 
inherently  high  electrical  resistivity.  Consequence,  the  voltage  seen  by  external  quench  detection  wir 
cai  vary  depending  on  mounting  location;  under  certain  conditions  this  variability  can  lead  to 
significant  delay  in  the  time  required  to  reliably  detect  a  growing  normal  zone  in  the  coil,  especially 
when  several  external  voltage  sense  wires  are  used  in  a  balanced  bridge  configuration. 

A  particularly  sensitive  technique  to  cancel  the  inductive  signals  in  cabled  conductors  was  developec 


in  the  magnetic  fusion  community  to  address  these  concerns  [Martovetsky],  The  technique  relies  on  ^ 
signal  wire  that  is  co-wound  within  a  cabled  conductor  as  illustrated  in  Figure  6.5a.  The  wire  follow 
the  same  nominal  trajectory  as  the  average  cable  strand,  resulting  in  effective  cancellation  of  the 
inductive  voltage  component.  One  end  of  the  sense  wire  is  connected  to  a  coil  terminal  at  one  end  of 
the  magnet,  while  the  other  is  connected  through  a  voltage  meter  to  the  terminal  at  the  other  end  of  the 
magnet.  Any  difference  between  the  co- wound  signal  wire  voltage  (L2)  and  the  magnet  terminal 
voltage  (LI)  is  attributed  to  the  existence  of  a  normal  zone  in  the  magnet.  Figure  6.5b  shows  a  possiljle 
implementation  of  this  scheme  for  our  MgB2  CIC  stator  conductor  using  an  oxide  insulated  coaxial 
conductor  as  the  co-wound  sense  wire. 


Figure  8.5a.  Schematic  illustration  of  a 
qluench  sense  wire  co-wound  inside  a  cabled 
superconductor. 
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Figure  8.5b.  Sketch  of  our  MgB2  cable-in-conduit 
conductor  with  an  oxide  insulated  coaxial 
conductor  embedded  in  the  cable. 


Despite  their  improved  noise  rejection  compared  to  balanced  bridge  quench  detectors,  it  is  not  possible 
to  completely  eliminate  all  residual  inductive  voltages  from  the  co-wound  wire  signal.  The  two  largest 
sources  of  residual  inductive  voltage  imbalance  in  the  co- wound  quench  detector  are:  a  slight  offset 
between  the  induced  voltages  on  the  sense  wire  and  cable  strands  due  to  axial  current  flow  in  the  cabi 
and  variations  in  the  transverse  magnetic  field  along  the  length  of  the  conductor  in  the  stator  slots. 

8.4.1  Axial  current  effect 

Fij^ure  6.6  shows  the  cross-section  geometry  used  to  estimate  the  residual  inductive  voltage  in  the  co 
wound  quench  detector  due  to  axial  current  flow  in  the  cable.  The  core  for  the  co-wound  wire  is 
located  at  the  mid-radius  of  the  annual  cable  space,  r^,  while  the  strands  in  the  adjacent  triplets  spiral 
between  contact  with  the  inner  radius  of  the  cable  space,  r,,  and  contact  with  the  outer  radius  of  the 
caDle  space,  Vo. 


Figure  8.6.  Geometry  used  to  determine  residual  induetive  voltage  in  sense  wire 
due  to  axial  current  flow  in  the  cable. 
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e  axial  current  density  is  not  uniform  across  the  annual  cable  space;  it  varies  from  approximately 
o  at  Vi,  to  a  maximum  value  near  Vm,  to  near  zero  again  at  Vo.  For  simplicity  we  used  a  cosine 
tribution  to  estimate  the  current  density  variation  across  the  cable  space,  at  peak  cable  operati 
rrent,  Ipk. 

...  .  (T^(r-r^)\  (Xo-n) 

j(r)  =  jpk  cos  I - — - 1  ,  where  Sr  = 


ng 


V  =  C  C-Sr  ■ 


Foi 

the 


r  this  assumed  current  density  distribution,  the  maximum  value  of  the  induced  voltage  at  the  core 

co-wound  wire,  Vcww,  is  given  by: 

lio(2nf)I(r)  L  (n{r—  r^)', 

=  j  - - dr,  with  I(r)  =  j  j  hk  cos^ - - ]  r  dr  dQ  , 


of 


V:ww 


2  Sr 


where  2ji  f  I(r)  is  the  maximum  rate  of  change  of  current  at  within  radius  r,  and  L  is  the  total 
conductor  length  in  the  stator  winding. 

B}  comparison,  the  average  voltage  drop  along  the  centerline  of  each  cable  strands,  Vstr,  is  given  by: 

1  rk  rr-m  +(^r-rs)cos(j^)  fip  (2n f)I(r) 


str 


L  Jo  Jrt 


2nr 


■  drdz, 


where  is  the  strand  radius,  and  n  an  assumed  integral  number  of  1®‘  stage  twist  pitches  along  the  cal 
length.  The  value  of  n  does  not  affect  the  result  as  long  as  it  is  an  integer  value.  Finally,  the  peak 
residual  voltage  measured  by  the  quench  detector  due  to  axial  current  flow  in  the  cable,  Vqd.u,  is  the 
difference  between  the  strand  voltage  and  the  co-wound  wire,  Vgo.a  =  Vstr  -  Vcww-  For  the  strand  and 
caDle  values  listed  in  Table  8.3  Vgo.a  equals  30  mV. 
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8.3.  Values  used  to  calculate  residual  inductive  voltage  in  the  co-wound  wire  quench  detector 
e  to  axial  current  flow. 


Peak  cable  current  [A] 

2040 

Electrical  frequency, /[Hz] 

117 

Inner  radius  of  cable  space,  [mm] 

3.3 

Mean  radius  of  cable  space,  [mm] 

4.05 

Outer  radius  of  cable  space,  [mm] 

4.8 

Strand  diameter/radius,  ds  /  [mm] 

0.35/0.175 

2^^  stage  cable  twist  pitch  length,  p  [mm] 

300 

Length  of  conductor  in  stator  winding,  L  [m] 

15 

8.4.2  Transverse  field  effect 

Fij^ure  8.7  illustrated  the  trajeetory  of  the  eore  of  the  co-wound  wire  (CWW)  as  it  spirals  along  the 
length  of  the  MgB2  CIC.  The  trajectory  of  the  CWW  is  shown  in  red,  while  the  centerline  of  the 
inductor  is  shown  in  dashed  orange  ling.  The  dashed  black  lines  respectively  show  the  side  walls  fc 
central  cooling  channel  and  the  conductor  jacket. 

homogeneous  magnetic  field,  the  magnetic  flux  captured  between  the  CWW  and  the  conductor 
interline  on  one  side  of  the  centerline  is  equal  to  that  on  the  other.  However,  for  most  engineering 
nlications,  the  transverse  magnetic  field  varies  across  the  width  of  the  conductor.  In  Figure  8.7,  we 
nme  that  the  magnetic  field  above  the  centerline,  B+,  is  slightly  greater  than  the  nominal  field  valni 
ile  that  below  the  centerline,  B-,  is  slightly  less  than  the  nominal  value.  In  time  varying  magnetic 
d,  the  variation  in  field  across  the  width  of  the  conductor  produces  a  residual  inductance,  Vqd.u  diii 
the  transverse  field  variation.  Both  the  cable  strands  and  the  co-wound  wire  are  exposed  to  the  sa 
itially  varying  magnetic  field,  however,  because  of  the  much  tighter  twist  pitch  for  the  first  stage 
ole  triples,  the  average  electric  field  in  the  strands  is  slightly  different  than  that  for  the  core  of  the 
ound  wire. 
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Fijjure  8.7.  Illustration  of  the  CWW  trajectory  along  the  length  of  the  MgB2  CIC. 

For  sake  of  simplicity,  let’s  assume  that  B+  =  (1  +fv)  Bn,  and  B-  =  (1  -fy)  Bn,  where  fv  is  the  fractior[al 
variation  in  seen  by  the  co-wound  fire  and  the  average  cable  strand,  and  is  the  average  transverse 
magnetic  field.  In  this  case  the  residual  quench  detector  voltage  due  to  the  transverse  field  variation 
car  be  estimated  as: 


will 

len 


t  =  n  [jj,  ^^"(1  -h  ^)(2  71  sin  dx  -h  -  ^)(2  n  sin  d%] 
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ere  n  is  equal  to  the  integral  number  of  twist  pitch  lengths  of  the  CWW,  p,  divided  by  the  conductp: 
gth,  L.  For  an  average  transverse  field  on  the  conductor  of  Bn  =  0.5T,  the  cable  parameters  listed 
Table  8.3,  and  a  fractional  variation  of  magnetic  field  across  the  width  of  the  conductor  offv  =  +/-!%, 
th$  residual  inductive  voltage  due  to  the  transverse  field  variation  is  Vqd.i  =  75mV. 


8.5  YBCO-based  thermal  sensor 

W ;  have  developed  a  quench  sensor  concept  that  uses  the  superconductor  as  the  sensor.  We  are  in  the 
process  of  working  with  MIT’s  Technology  Licensing  Office  to  write  up  a  disclosure  to  be  turned  into 
a  patent  application. 

Figure  8.8  shows  a  copper  coated  HTS  tape  from  Superpower,  as  well  as  a  schematic  of  a  stripline.  In 
the  case  of  the  HTS  tapes,  if  the  side  ends  are  as  shown  in  the  Figure  8(a),  there  is  a  dielectric  region  or 
“buffer  stack”  consisting  of  several  oxide  layers  (used  for  alignment  of  the  crystals  in  the  HTS  tape 
deposited  on  top).  These  oxides  (ceria,  magnesia)  are  insulators,  and  thus  there  is  a  thin  dielectric  (~ 
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lO  nm)  between  the  conducting  hastelloy  (serving  as  ground  plane  in  the  HTS-based  stripline)  and  l|he 
nerconductor.  Similarly,  on  the  right  in  Figure  8(b),  the  stripline  also  has  a  dielectric  between  the 
conductor  and  the  “ground”  on  the  opposite  side.  When  the  superconductor  becomes  normal,  its 
^istivity  is  high  and  the  current  prefers  to  flow  through  the  silver.  In  this  case,  the  distance  between 
silver  and  the  hastelloy  increases  by  between  5  and  10  times,  changing  the  impedance  of  the 
:r|ipline.  The  change  in  impedance  results  in  a  reflected  signal  that  can  be  detected  with  extremely 
energy.  The  presence  of  a  reflected  signal  (before  the  end  of  the  tape)  can  be  used  to  detect  the 
ilench  and  also  the  location  of  the  quench. 
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2  )im  Ag 
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Fijj.  8.8.  HTS  coated  conductor  (a)  Superpower’s  tape  topology  with  Cu  coating,  (b)  conventional 
stripline. 

W ;  have  calculated  the  impedance  of  the  stripline,  both  when  superconducting  and  normal.  Assuminlg 
that  the  superconductor  thickness  is  2  microns  and  the  dielectric  is  0.2  microns  (assuming  a  dielectric 
constant  for  the  dielectric  of  10),  with  a  tape  that  is  2  mm  wide,  the  impedance  of  the  stripline  chang(;s 
by  an  order  of  magnitude,  from  0.0149  Ohms  to  0. 142  Ohms.  The  voltage  reflection  coefficient  is 
given  by: 


Th 

off 


ri2  = 


■^2  ~ 

Z2  +  Zx 


where  ri2  is  the  reflection  coefficient,  and  Z\  and  Z2  are  the  impedances  from  the  two  media  (in  our 
case,  the  superconducting  and  normal  regions).  Because  of  the  large  differential  in  impedance  betwejen 
the  normal  and  the  superconducting  regions,  a  substantial  fraction  of  the  signal  is  reflected  to  the 
source.  The  return  signal  can  be  used  to  determine  the  quench.  It  is  interesting  to  note  that  there  is 
signal  that  remains  in  the  forward  direction.  Quenches  further  downstream  could  also  be  measured, 
although  with  lower  sensitivity. 


e  time  of  the  reflection  can  be  used  to  determine  the  location.  The  time  of  propagation  (pulse  delay) 
he  signal  in  a  stripline  is  given  approximately  by: 


tp^  (n?/fr )  =  1 .01 7^0.4  75r.,  +  0.07 

where  Sr  is  the  dielectric  constant  of  the  media.  The  pulse  delay  is  given  above  as  nanosecond  per  fobt 
of  stripline.  For  the  dielectric  constant  that  we  expect  (~  10),  the  delay  is  about  2.4  nanoseconds  per 
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»t,  or  about  twice  that  of  free-space  propagation.  If  the  quench  occurs  100  m  into  the  cable,  the 
ay  is  about  0.75  microseconds,  resulting  in  a  round-trip  of  about  1.5  microseconds.  Because  of  th|e 
response  multiple  scans  can  be  performed  to  assure  that  indeed  there  is  a  superconducting-to- 
i|rmal  transition,  before  initiating  the  active  protection. 

s  possible  to  use  a  network  analyzer  in  frequency  domain  to  implement  a  time  delay  approach, 
addition,  because  of  the  quick  response,  it  would  be  possible  to  use  a  single  RF-quench  sensor  wit 
iijiltiple  quench  probes  (i.e.,  striplines).  And  it  may  also  be  possible  to  place  the  RF-quench  circuit  in 
cryogenic  environment. 

e  advantage  of  the  proposed  approach  is  that  it  is  not  necessary  for  the  normal  zone  in  the 
nerconducting  cable  to  propagate.  Propagation  is  needed  in  conventional  voltage  tap  sensors  in 
er  to  increase  the  resistance  (and  thus  the  observed  voltage).  Normal  zone  propagation  can  be  smlal 
en  using  HTS  material,  especially  when  operating  at  intermediate  temperature.  A  second  advantage 
;he  insensitivity  to  electrical  noise,  similar  to  fiber  optic  sensors. 
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1  Stripline  quench  detector 

;  have  obtained  two  20  m  lengths  of  edge  etched  HTS  tapes.  The  tapes  had  an  HTS  depoit  that  did 
extend  to  the  edges,  with  the  insulating  buffer  layer  intact.  Thus,  the  superconductor  and  the  silvpr 
ating  are  electrical  insulated  from  the  substrate.  Figure  8.9  show  the  schematic  of  the  tapes. 
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Fijrure  8.9  Uncoated  HTS  tapes  with  HTS  and  silver  removed  from  the  edges. 

W ;  have  preliminarily  used  RF  stripline  reflectometry  (using  a  network  analyzer,  in  frequency 
domain).  Figure  8.10  shows  the  setup.  We  coupled  the  cables  from  the  network  analyzer  to  the  HTS 
tape  and  separately  the  ground  to  the  substrate.  We  realized  that  there  would  be  substantial  impedano' 
discontinuities  that  would  give  a  large  reflection  signal.  Indeed,  this  is  what  happened  in  the 
experiment.  Figure  8. 1 1  shows  the  signal  from  the  network  analyzer.  In  the  test,  strong  reflection 
oc:ur  independent  of  the  location  of  a  short.  Moving  the  short  results  in  small  changes  to  the  receive  d 
signal.  The  tests  were  carried  out  at  room  temperature.  One  problem  is  that  the  YBCO  layer  may  be 
strongly  absorbing  at  room  temperature,  where  the  tests  were  carried  out.  We  will  be  testing  the  setu] 
at  lower  temperatures  after  the  end  of  program. 
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^ure  8.10  Setup  of  the  test,  including  details  of  the  coupling  from  the  network  analyzer  to  the  HTS 


W ;  will  be  doing  a  test  of  the  method  in  the  next  one  or  two  quarters.  Thus,  in  the  next  quarterly 
re])orting  we  could  describe  the  model  and  the  way  to  start  to  model  the  concept. 

W ;  will  continue  evaluating  the  concept,  as  we  feel  that  quench  protection  and  sensing  is  an  enabling 
technology  required  for  most  applications  of  HTS.  We  are  looking  at  means  to  mpeove  the  coupling 
by  between  matching  the  coax  to  the  HTS  tape.  We  will  use  high  frequency  transformer,  among  oth(;: 
options. 


Reflection  Reflection  from 

from  coupling  tape  connection 


Change  in  reflection  pattern  when 
sliding  short  changed  from  0.04  m 
to  0.1  m. 


Fi 


jure  8.1 1  Time  domain  signal  of  setup,  when  there  is  short  at  0.04  m  and  at  0.1  m 
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8.6  Indirect  cooling  with  gaseous  helium 

Im  proved  gas  to  gas  heat  exchangers  can  provide  significant  advantages  for  a  range  of  applications. 

W  len  the  heat  exchange  involves  gases,  heat  transfer  is  low  requiring  large  surface  area  and 
consequently  bulky  heat  exchangers.  The  design  with  YBCO  in  section  2.6.4  (Figure  2.36). 

Metallic  foams  have  been  proposed  recently  as  better  components  for  heat  exchangers  but  present 
designs  for  their  employment  have  substantial  limitations  for  use  in  gas  to  gas  heat  exchangers, 
hough  metallic  foams  have  excellent  performance  for  exchanging  thermal  energy  between  the  gas 
the  foam  (due  to  large  surface-to-volume,  and  high  surface  heat  transfer  coefficient  due  to  the 
all  scale  of  the  cross-elements  in  the  foam),  they  have  particularly  low  thermal  conductivity.  For  a 
^terial  with  92%  porosity,  the  thermal  conductivity  is  about  1/11  that  of  the  full  dense  material.  And 
ause  of  tortuosity  (tortuosity  is  defined  as  a  meandering  path  the  heat  needs  to  take  through  a 
ous  medium)  of  the  connections  the  thermal  conductivity  decreases  again  by  another  factor  of  1/3 
us,  the  thermal  conductivity  of  the  material  is  about  1/35  that  of  the  base  metal.  Substantial 
ijnperature  gradients  occur  in  the  material,  unless  other  material  is  used  to  help  in  the  heat  transfer, 
us,  for  proper  design,  the  foam  cannot  be  too  thick  or  too  far  from  the  surface  across  which  the  he^ 
ajnsfers  between  the  two  heat  exchanging  substances  (e.g.  between  two  gases).  Metallic  foam  heat 
hangers  have  been  discussed  for  removing  heat  in  applications  that  do  not  involve  gas-to  -gas  heit 
hange.  These  heat  exchangers  are  not  optimized  for  heat  transfer.  Huang  et  al.  describes  a  metallic 
m  with  a  heat  transferring  device  to  distribute  the  heat  into  the  metallic  foam.  Once  the  thermal 
ergy  is  in  the  foam  it  can  be  efficiently  removed  by  the  gas  stream  (air).  The  heat  transferring  devi^' 
be  a  rounded  heat  pipe,  a  loop-type  heat  pipe,  a  pulsating  heat  pipe,  or  a  solid  element  made  of 
rmally  conductive  metals.  Meng  et  al.  describe  a  similar  approach  as  Huang,  but  the  heat 


tr; 

SC' 

Mb: 


m 


US'i 

not 


ansferring  device  is  a  heat  pipe.  Multiple  holes  for  the  heat  pipes,  as  well  as  various  heat  pipe  cross 
(Ptions  are  described. 

met  et  al.  [Mornet] describes  a  heat  exchanger  device,  in  which  a  metallic  foam  is  used  to  cool  a 
^tallic  element,  but  outside  of  the  application  in  a  heat  exchanger  Similarly, .  Ozmat  describes  the 
of  a  metallic  foam  in  contact  with  an  electronic  device,  for  cooling  the  electronic  device.  He  doe|s 
describe  a  gas-to-gas  heat  exchanger. 

e  use  of  foams  in  heat  exchangers  is  described  by  Kang  [Kang].  It  is  assumed  that  the  heat  is 
hducted  exclusively  by  the  metallic  foam,  with  no  solid  material  to  aid  in  heat  transfer  across  the 
etallic  foams.  Kienbock  et  al.  also  describe  another  embodiment  of  a  heat  exchanger  with  porous 
m.  They  use  the  porous  foam  only  in  one  of  their  channels.  They  use  the  “high  thermal 
ijiductivity”  of  the  foam  to  distribute  the  heat  through  the  channel. 

explored  means  of  designing  and  constmcting  heat  exchanger  designs  that  make  substantially 
proved  use  of  metallic  foams  for  gas  to  gas  heat  exchangers.  These  designs  also  improve  capabilij} 
applications  where  the  metallic  foams  are  used  for  applications  other  than  gas-to-gas  heat 
hange,  for  example,  for  cooling  of  solids. 

this  section  we  highlight  our  work  on  the  constmction  of  heat  exchangers  using  fins  and  foams. 

St,  we  document  preliminary  work  on  the  use  of  foams  that  are  attached  to  fins  with  adhesives. 
e|condly,  we  describe  work  on  the  manufacturing  of  foams  with  the  use  of  electroforming.  Finally, 
describe  work  at  MIT  and  elsewhere  on  the  manufacturing  of  heat  exchangers  through  the  use  of 
printing. 
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8.B.1  Foams 

Th  ere  are  multiple  means  of  manufacturing  the  open  cell  structures  that  are  used  in  the  proposed  heai: 
exchanger.  We  have  preferred  the  use  of  foams  that  are  manufactured  in  large  planar  sheets.  These 
sheets  are  1  cm  thick  and  about  0.7  m  by  0.7  m  in  area,  are  inexpensively  acquired  commercially,  in 
several  materials. 

8.15.2  Adhesive 

In  principle,  it  is  possible  to  make  the  heat  exchanger  by  applying  adhesives  between  the  foams  and 
fir  s.  We  have  worked  both  with  ceramic  adhesives  for  high  temperature  applications,  as  well  as  witl|i 
epoxies,  for  low  temperatures. 

W;  have  designed  and  tested  cryogenic  heat  exchangers  that  use  foams-on-fms,  shown  in  Figure  8.  it. 
A  combination  of  foams  on  fins  results  in  an  optimum  choice,  where  the  fins  conduct  the  heat  away 
from  the  highly  temperature  sensitive  superconductor  and  distribute  it  on  the  foam.  We  have 
implementated  cryogenic  heat  exchangers  optimized  for  operation  at  65  K  and  at  20  K.  Foam-on-fms 
heat  exchangers  were  used  for  cooling  current  leads  for  a  superconducting  power  distribution  systems 
[Dietz] 
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Fij^ure  8. 12.  Cryogenic  heat  exchanger  using  fms-on-foams.  Exchanger  is  made  from  copper,  and  the 
foams  are  adhered  to  the  fins  using  Stycast  epoxy  (a  low  temperature  epoxy). 


Ceramic  adhesives 

W ;  have  used  two  types  of  ceramic  adhesives,  for  applications  at  higher  temperatures.  The  first  one  is 
CeramaBond,  from  Aremco.  The  material  filler  is  MgO,  and  is  should  bond  well  between  ceramic  apd 
metal,  and  metal  to  metal.  Its  main  use  is  for  heated,  induction  coils,  and  sensors.  However,  the 
problem  with  these  adhesives  is  debonding,  due  to  thermal  stress  that  raises  from  differential  thermal 
exaansion  coefficients,  and  from  vibrarions. 


Table  1.  Properties  of  ceramabond  adhesive 


571 

Tradenanto 

Ceramahond™ 

MgO 

Color 

Off-Whtte 

No.  Componenti 

2 

Viscosity.  cP 

20.000- 
90,000  ® 

Specific  Gravity,  f/cc 

1.90-220 

Temperature  Limit  *F  (*C  ) 

3200  (1760) 

CTE.  in/tnTF  i  IIP  pC) 

7.0(12.6) 

Handling 

Mil  Ratio.  powderliquM 

1.01.0-1.5:1.0 

Thinner 

571 -T 

Solvent 

Water 

Application  Temperature.  *F 

50-90 

Storage  Temperature.  *F 

40-90 

Shelf  Life.  Months 

6 

o 

S 

a 

Air  Set.  Hours 

1-4 

Heat  Cure.  *F.  Hri 

200.2 

Dielectric  Strengtti, 
volts/mil  9  RT  (6  1000  ^f) 

91 

Torque  Strength,  tt-ln  i 

22 

Moisture  Resistance  2 

Excellent 

Alkali  Resistance  12 

Good 

Acid  Resistance  ^ 

Fair 

Ftoteoles 

d  Tested  usmg  a  torque  wrencli  after  bonding  a  pre-ox 
(2  Properties  were  ev^uated  after  curvig  at  700  *F  loc ! 
IS  Graplii-fiorxf*  551 -RM  is  also  offered  in  a  two-part. 

stipments  of  1  galon  or  more. 

>;  Graphi-BoncP*  S51  -RM  also  demonstrates  a  lap-st)e« 
IS  Ceramationcf*  571  ranges  for  viscosfty  and  specific 
1-to-1  to  1.5-to-1. 


Th  e  material,  CeramaBond  571,  is  preferred  when  used  with  aluminum,  brass,  eopper.  Inconel,  nicke  l, 
ste  els  (including  stainless  400-series)  and  titanium. 


W ;  have  made  a  few  samples  which  look  promising,  but  yet  have  to  build  a  substantial  unit. 

An  alternative  ceramic  bonding  that  we  have  attempted  to  use  is  Durabond  950,  from  Cotronics.  Thi|s 
aluminum-based  material  is  useable  to  1200  F  (650  C).  Its  properties  are  described  in  Table  2.  The 
compression  strength  is  about  30  MPa,  a  thermal  expansion  of  about  18  10'^,  and  a  thermal 
conductivity  of  6  W/  m  K  . 


Table  2.  Properties  of  Durabond  adhesives. 


DURABOND 

Use  Temp  “F 

950 

1200 

1 

Base 

f 

Aluminum 

Color 

Grey 

Density  (#  /  ft^) 

120 

Thermal  Expansion  (10'®/*F) 

10  ' 

Pot  Life  (Hours) 

2 

Cure  (@  R.T.) 

24 

Bond  Strength 

at  200®F  (psi) 

500 

Bond  Strength 

at  1200“F  (psi) 

1000 

Components 

2  I 

Mixed  Ratio  (A  /  B) 

100/60  1 
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5.3  Electrochemically  attaching  eoams  to  tins 

alternative  to  the  adhesives/epoxies,  is  to  mechanieally/thermally  attaeh  the  manufactured  foams 
fins  using  an  eleetroehemieally  process.  It  is  elear  that  the  foams  shielding  of  the  potential  in  the 
k  of  large  foams,  but  near  the  surfaee,  it  is  possible  to  add  material,  inexpensively,  using 
ctrodeposition. 

e  proeess  is  illustrated  in  Figure  8.13.  The  foams  are  plaeed  in  a  mandrel,  in  this  ease,  steel.  In  th|e 
situation,  the  material  of  the  mandrel  would  be  eopper,  and  that  will  be  for  the  fins.  The  foams 
n  filled  with  wax,  to  prevent  the  eleetrolyte  from  penetrating  in  the  foam.  For  larger  application, 
electric  potential  would  be  shielded  by  the  foam,  this  would  not  have  not  be  used.  The  mandrel  ai 
wax  filled  foams  are  then  submerged  in  an  electrolyte,  and  eopper  is  deposited  in  the  surface, 
ihally,  most  of  the  wax  is  removed  by  heating  and  the  remaining  wax  in  the  foam  was  oxidized  (i.e. 
mbusted).  These  forms  were  made  by  AJ  Tuck  and  Co. 

;  have  implemented  the  approaeh  in  the  eonfiguration  illustrated  in  Figure  8.14  with  only  6  blocks 
the  implementation,  the  mandrel  is  made  from  aluminum.  After  the  sheet  of  eopper  was 
ctrodeposited  on  the  surface,  the  steel  and  the  was  are  removed  from  the  component.  Figure  8.15 
shbws  a  photograph  of  the  finished  eomponent.  The  foam  was  well  attaehed  to  the  plate.  Although 
proeess  proved  successful,  it  was  a  eomplicated  process. 
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jure  8.13.  Process  used  to  build  a  solid  interface  on  the  copper  foam.  Making  of  the  element  to  be 


us  ^d  in  the  electrodeposition  of  copper. 
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Figure  8.14.  Process  used  to  build  a  solid  interface  on  the  copper  foam.  A  sheet  of  copper  is 
eh;ctrodeposited  on  the  elements. 
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jure  8.15.  Photograph  of  the  foams  component,  with  the  foams  solidly  connected  to  the 
electrodeposited  copper  plate. 
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5.4  3D  PRINTING  OF  HEAT  EXCHANGERS  AND  FOAMS 
f  aditionally,  foams  are  created  by  processes  that  lead  to  a  highly  non-uniform  structure  with 
gnificant  dispersion  in  size,  shape,  thickness,  connectedness  and  topology  of  its  constituent  cells  [s^ 
example,  Gaillard].  For  the  open  cell  structures  discussed  above,  there  is  a  particular  pattern  that 
ijiroximately  repeats.  For  the  foams  made  from  the  lost-material  process,  the  patterns  are  stochastic 
addition,  some  of  the  elements/struts  in  the  foam  are  not  very  efficient  for  conducting  the  heat  fro 
interface  to  the  solid.  Ideally,  long  elements  from  the  surface  would  be  ideal,  preventing  the 
foimation  of  laminar  layers,  while  avoiding  the  tortuosity  described  above,  which  decreases  the 
thermal  conductivity,  in  the  direction  of  interest,  by  about  a  third. 

Then  the  question  is  whether  it  would  be  possible  to  make  a  element  that  optimized  the  geometry, 
be  lieve  that  3D  printing  is  a  very  attractive  option,  and  is  described  next. 

W ;  have  recently  demonstrated  the  feasibility  of  3D  printing  of  uniform  foam  structures  in  inexpensi 
3D  printers.  We  have  printed  3D  structures  that  are  regular,  and  have  rods  that  are  perpendicular  to 
eaoh  other.  This  may  not  be  the  most  optimal  solution,  as  some  of  the  rods  provide  for  heat  transfer 
the  gas  but  do  not  participate  in  heat  conduction  away  from  the  fm.  Both  the  fins  and  the  foam  have 
be;n  built  using  the  technology.  At  the  present,  we  have  been  limited  to  plastic-type  material,  but 
is  10  reason  why  the  technology  can  not  be  carried  to  metals  and  even  ceramics. 

Fijjure  8.16  and  8.17  shows  drawings  of  the  structures  that  we  intended  to  build.  We  have  used  an 
X’'fZ  3D  printer,  with  ABS  as  the  printing  material.  Figure  8.16  shows  an  entire  HX  module,  while 
Figure  8.17  shows  a  section,  consisting  of  half-fms,  and  a  region  with  a  porous  fill.  20  of  these 
modules  are  used  in  the  cross  sectional  area.  It  is  our  intent  to  make  them  relatively  small,  and  then 
combine  then  axially  to  make  a  full  unit. 
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Figure  8.16.  Heat  exehanger  design  module,  for  3-D  printing. 


Figure  8.17.  Seetion  to  be  built  with  3D  printers. 
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The  produets,  shown  in  Figure  8.18  with  the  XYZ  da-Vinci  printer,  were  disappointing,  in  that  the  fi  1 
the  porous  section  was  poor,  for  the  non-scaled  design.  The  features  of  the  rods  where  lost,  and  the 
aterial  collapsed,  as  shown  in  Figure  8.18,  the  small  yellow  sample.  Note  that  the  horizontal  struts 
collapsed.  The  green  small  copies  in  Figure  8.18  have  been  cut  to  show  the  interior  of  the  HX.  We 
re  able  to  make  a  better  unit  with  this  printer,  by  scaling  up  the  dimensions  (shown  to  the  right  of 
coin  in  Figure  8.19).  In  this  case,  the  results  were  adequate. 


Fijjure  8.18.  Photographs  o  the  HXs  made  with  the  XYZ  printer. 


Figure  8.19.  Larger  figure  of  the  right-scale  of  the  HX.  Note  that  the  horizontal  struts  are  missing. 
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Fiture  8.20.  Sample  a  different  printer,  at  the  right  seale,  showing  full  struts,  including  the  horizontal!. 


Fijjure  8.2 1-.  Cut  sample  of  the  HX  module  made  with  the  Portabee  Go  printer.  Note  the  full  struts. 

W;  next  used  a  Portabee  Go  printer.  The  results  are  shown  in  Figures  8.20  and  8.21.  The  struts  are 
re])roduced  with  high  fidelity,  including  the  horizontal  ones.  It  is  clear  that  this  technology  is  suitablb 
to  make  units,  inexpensively,  using  plastics,  which  limits  the  temperature  of  operation.  However,  more 


ex  3ensive,  metal  printers  exist  that  can  be  used. 

The  above  examples  were  made  from  inexpensive,  polymer-based  “ink.”  We  have  also  explored 
metallic  3D  printing.  An  example  for  what  can  be  achieved  today  with  3-D  metal  printing  is  shown 
Fijjure  8.22.  The  sample  uses  a  Direct  Metal  Laser  Sintering  (DMLS)  system.  The  sample  in  Figure 
8.22  is  made  from  steel.  [Arnold].  Arrangements  of  open  cell  and  solid  material  can  be  built  starting 
with  metallic  powders,  as  shown  in  Figure  8.22.  The  powders  are  sintered  using  a  focused  laser  beai 
Th  e  specimens  are  built  in  layers,  and  the  powders  that  have  not  been  sintered  removed  from  the 
specimen.  A  wide  range  of  materials  can  be  used,  including  high  melting  temperature  metals. 
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8.15.5  Alternative  means  for  open-ceee,  porous  materiaes 

It  s  also  possible  to  coat,  using  CVD  technologies,  the  as  printed  units.  Ultramet  [Fortini]  has  been 
making  units  using  CVD  of  many  materials.  First,  the  skeleton  is  built,  and  then  metals  can  be 
deposited  on  the  surfaces.  They  make  a  carbon  foam  by  pyrolizing  the  polymers,  coating  the  ligamehts 
(struts)  but  leaving  the  open  space.  They  have  made  heat  exchangers  using  this  technique  for  the  Na\  y 
and  DOE. 
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ith  respect  to  ceramics,  a  group  at  Lawrence  Livermore  National  Laboratory  (LLNL)  developed  a 
cess  of  manufacturing  regular  ceramic  foams  [Maiti].  LLNL  scientists  recently  demonstrated  the 
sibility  of  3D  printing  of  uniform  foam  structures,  such  as  that  shown  in  Figure  8.23,  through  a 
cess  called  directinkwrite.  The  material  is  built  up  layer  by  layer,  with  each  layer  consisting  of 
ijually  spaced  parallel  cylinders  of  the  same  uniform  diameter.  LLNL  material  scientists  demonstratb^ 
1 3D  printed  foam  works  better  than  standard  cellular  materials  in  terms  of  durability  and  long  tenn 
mechanical  performance. 


M:.- 


st 


crostructures  of  two  different  foam  materials.  At  left,  a  traditional  open-eell  stoehastic  open-eell 
:r|ucture,  and  a  right,  an  additively  manufaetured  (AM)  foam  with  the  faee-eentered-tetragonal  (FCTj) 
latitiee  strueture,  the  diameter  of  each  cylindrical  strut  being  250  pm. 


Fiture  8.23.  Microstructures  of  two  different  foam  materials  made  out  of  filled  polydimethylsiloxane; 
(PAMS)  elastomers:  (a)  an  open-cell  stochastic  foam;  and  (b)  an  additively  manufactured  (AM)  foam 
with  the  face  centered-tetragonal  (FCT)  lattice  structure,  the  diameter  of  each  cylindrical  strut  being 
250  p  m. 
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9  Cryogenic  design 

Th  e  cryogenic  system  is  key  to  successful  implementation  of  a  superconducting  system.  We  considelr 
the  issues  with  the  cryostat  to  be  more  demanding  that  those  of  the  superconductor  (with  the  exceptio: 
of  the  AC  losses,  which  could  prevent  the  practical  implementation  of  superconducting  stators). 

W ;  have  spent  resources  investigating  alternative  concepts  that  would  ease  the  problem,  or  addressirj; 
the  issues  dealing  with  the  cryostat.  We  have  investigated  the  following  alternatives: 

Single  (common)  cryostat  configuration  (for  both  rotor  and  stator) 

Separate  rotor  and  (single)  stator  cryostat  configurations 
Individual  stator  winding  cryostat  configurations 

9il  Single  cryostat. 

e  single  cryostat  is  shown  in  Figure  9.1 
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jure  9. 1  Single  cryostat  topology 

Th  is  configuration  places  the  rotor  and  the  stator  inside  the  same,  non-rotating  cryostat.  This  geometry 
hap  the  following  features: 

o  Stator  is  aggressively  cvooled. 

o  Rotor  cooling  by  residual  gas  convection,  eliminating  the  need  for  a  rotating  seal, 
o  No  need  for  hermetic  shaft  seals 
o  Large  reduction  in  rotating  friction  heat  load 
o  Use  of  magnetic  bearing  on  rotor  shaft 

o  Due  to  the  high  AC  losses  in  the  iron,  it  is  necessary  to  have  the  back-iron  warm, 
o  Alternatively,  a  resistive  shield  could  be  used  or  a  superconducting  shield,  sharing  in  the  same 
cryostat,  as  described  in  Section  2.2. 
o  Radial  magnetic  coupler  design 

The  machines  is  about  1  m  long,  0.36  m  diameter  rotor,  with  a  a  rotor  heat  load  of  130  W  (~100 
W^m2).  The  space  between  the  rotor  and  the  stator  is  filled  with  ~1  mTorr  H2  or  He  gas  pressure  in 
crrostat  for  cooling  where,  conductivity,  k,  viscosity,  u,  are  pressure  independent.  The  stator  is 
aggressively  cooled  to  ~  20  K,  with  a  1  cm  gap  between  the  rotor  and  the  stator.  The  rotor  spins  at 
7000  rpm.  For  these  conditions,  we  obtain  a  35  K  temperature  difference  between  the  stator  and  the 
roi  or.  Thus,  at  55  K,  HTS  2"‘*  generation  coated  conductors  could  be  used  for  the  rotor. 

Be  cause  of  windage,  there  is  a  drag  of  about  0.01  N-m  (out  of  20,000  Nm  that  the  machine  produce^) 


and  10  W  windage  loss. 

However,  the  load  (motor  weight  and  torque)  needs  to  be  transmitted  through  the  cryostat,  and  the  lo|w 
radial  stiffness  of  the  system  may  affect  the  dynamic  mechanical  stability  of  the  unit. 

9.2  Separate  cryostats. 
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Fiture  9.2  shows  an  illustrative  design  with  separate  rotor  and  stator  cryostats.  If  iron  teeth  are  used 
they  are  separated  from  the  bulk  of  the  back  iron,  which  is  warm.  This  feature  minimizes  the  magneji 
losses  that  need  to  be  removed  at  cryogenic  temperatures. 

This  configuration  has  the  following  appeals: 

o  Improved  mechanical  support  for  stator  windings 
o  More  conventional  cooling  manifold  arrangement 

o  Easier  interconnects  between  coils,  as  all  the  coils  are  in  the  same  cryostat, 
o  The  use  of  room  temperature  rotor  bearings. 


As  mentioned  the  back  iron  is  removed  from  the  cryogenic  environment,  needed  a  gap  between  the 
ire  n  teeth  (is  used)  and  the  backiron  to  incorporate  a  cryostat  wall.  If  non-magnetic  teeth  are  used,  th 
additional  cryogenic  heat  load  due  to  the  iron  teeth  is  removed.  This  technology  is  proven,  as  rotatin 
achineries  with  this  topology  have  been  built. 


m; 


9.3  Individual  cryostats  surrounding  individual  stator 

WINDINGS. 


Th 


e  advantages  of  using  individual  cryostats  around  each  stator  winding  are: 
o  Permits  use  of  warm  iron 

o  Each  coil  and  cryostat  can  be  tested  prior  to  being  introduced  into  the  machine,  allowing  for 
improved  assembly  of  machine 

o  Coils  and  associated  cryostats  can  be  replaced  without  having  to  break  a  single  cryostat 


Fiture  9.3  shows  an  illustration  of  a  machine  that  uses  racetrack  toroidal  windings.  In  this  case,  the 
windings  are  placed  in  the  azimuthal  direction,  as  opposed  to  the  toroidal  stator  described  in  sections 
lA  and  2.7. 
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jure  9.3  Stator  with  individual  coil  cryostats. 
;  have  investigated  two  configurations: 

Radial  flux  machine 

Toroidal  flux  machine  (Gramme  ring) 
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th  machines  have  substantial  reduction  on  the  cryogenic  loads,  as  all  the  iron,  includeing  the  teeth 
ed,  are  out  of  the  cryostat.  Also  the  topology  allows  the  replacement  of  individual  coil  or  individu^ 
ostats.  However,  the  associated  cryostat  and  coil  need  to  be  removed  at  the  same  time.  The 
ometry  simplifies  the  assembly,  as  the  coils  and  cryostats  can  be  tested  prior  to  assembly  to  assure 
ration  characteristics  of  the  machine. 

wever,  the  loads  need  to  be  transferred  across  the  cryostat.  The  loads  are  not  large,  as  for  a  2  kA 
hductor  in  a  0.2  T  field,  the  loads  is  about  400  N/m,  a  small  number.  However,  because  of  the  ver^ 
ge  number  of  cycles  (over  7  billion  cycles  per  year),  the  unit  needs  to  be  highly  reliable. 
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9.4  Cryostat  Summary 

Significant  challenges  to  the  development  of  high-speed,  HTS  rotating  electric  machinery  exist: 
Relatively  high  conductor  ac  loss,  compared  to  equivalent  LTS  conductors 

Carnot  efficiency  gain  from  higher  temperature  (20~50  K)  gas  cooling,  offset  by  low  coolant  density 
Use  of  high-speed  cryo-transfer  coupling  for  rotor  cooling  remains  challenging 

Additional  cryostat  topologies  will  be  examined  in  effort  to  improve  feasibility.  However,  we  have 
made  no  significant  breakthroughs  yet.  We  are  working  to  reduce  magnetic  field  peaking  for 
individual  stator  winding  cryostat  configurations  in  the  case  when  the  racetracks  are  in  the  azimuthal 
dijection. 

9J5  Refrigeration  and  Refrigerator  Issues 

In  this  section,  the  thermal  loads  to  the  stator  and  the  refrigerator  requirements  are  provided.  We 
provide  the  total  cryogenic  loads  below,  with  details  of  the  different  contributors  to  the  cryogenic  Ic 
in  the  following  sections.  We  also  provide  weights  and  print  surface  that  is  required  for  use  in  stators 
Th  e  conclusion  from  this  work  is  that  the  impact  of  the  refrigerator  on  the  system  efficiency  is  sm; 
less  than  1%.  The  weight  of  the  refrigerator  is  comparable  to  the  weight  of  the  machine,  thus  reduci 
the  specific  power  density  of  the  system  by  a  factor  of  2,  but  still  reaching  the  Navy  roadmap  goal  o 
2  kW/kg.  The  footprint  is  small,  about  2  m2.  However,  the  real  issue  is  the  cost.  We  estimate  that 
cost  of  the  refrigerator  is  about  500-600k$. 
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W  ork  on  decreasing  the  cost  of  the  refrigerator  is  key  to  making  the  superconducting  stator  practii 
foi  NAVY  applications. 

9.5.1  Overall  Cryogenic  Loads/Summary 

Th  e  summary  of  the  loads  is  shown  in  table  9. 1  for  the  case  of  7  kA  operation  of  the  stator.  About  6|' 
W  load  needs  to  be  removed  at  20  K,  and  about  700  W  at  the  intermediate  temperature  station.  T 
cod  of  the  system,  for  8  kA,  is  about  300k$  and  requires  about  70  kW  CW.  [Brake,  Stirling] 
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Table  9.1.  Summary  of  t 

HEAT  SOURCE  (W) 

lermal  loads  (W)  (8  kA) 

8,000  A 

To  Cold  mass 

To  int.  station 

Support 

0.05 

1.05 

Radiant  from  thermal  shield 

0.55 

37.79 

Current  leads 

1.80 

624.00 

Residual  gas  Convection 

1.17 

1.75 

Instrumentation 

0.20 

0.00 

AC  losses 

650.00 

0.15 

Total 

653.77 

663.69 

Power,  electric  (W) 

65000 

19000 

Cost  (k$) 

305 

114 
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e  loads  are  dominated,  at  the  low  temperature,  by  the  AC  losses  in  the  superconductor.  At  ihe 
ijermediate  temperature,  they  are  dominates  by  the  current  leads  needed  to  being  the  current  from 
m  temperature  to  the  cryogenic  temperature. 

terms  of  minimizing  the  cryogenic  load  to  the  intermediate  temperature,  reducing  the  operati 
rrent  is  a  powerful  knob  (linear  with  current).  Operating  at  lower  current  can  reduce  the  load.  Ii 
issible  to  further  decrease  the  cryogenic  load  by  intercepting  the  heat  at  higher  temperature  can  result 
decreased  net  electrical  power.  The  electrical  power  requirement  and  the  estimated  cost  of 
stem  can  be  decreased  by  a  factor  of  2  by  intercepting  the  heat  at  an  elevated  temperature,  at 
:3ense  of  increased  complexity. 
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9.B. 2  Coolants 

There  are  limited  options  for  coolants.  There  are  two  means  of  cooling  the  unit:  flowing  fluids 
conduction  cooled.  Because  of  the  high  heat  load,  it  needs  to  be  aggressively  cooled,  and  the  sect| 
of  the  cable  design  addresses  means  of  removing  the  heat  with  flowing  gases. 

fluids,  we  need  a  fluid  at  the  intermediate  temperature  (around  65-80  K)  and  a  second  one 
the  superconductor.  The  only  fluid  for  the  superconductor  is  flowing  liquid  helium,  mi 
ely  supercritical.  At  the  intermediate  temperature  there  are  several  options,  including  liquids  (i 
uid  nitrogen,  liquid  air,  oxygen/nitrogen  blends),  or  gaseous  (most  likely,  gaseous  helium). 

estimate  the  approximate  helium  volume  required.  For  the  stators  that  we  are  considering, 
ume  of  the  cooling  channels  are  about  3  liters.  If  totally  released,  assuming  that  the  helium  is  at 
20  bar,  the  helium  volume  (at  room  temperature  and  pressure)  is  about  1  m  .  Thus,  it  should  not 
jubstantial  safety  problem  if  released,  even  if  the  number  is  somewhat  higher  (as  the  numb^: 
indicated  above  include  only  the  helium  in  the  stator. 
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9.5.3  Cryogenic  Loads  due  to  Leads. 

Cl  Trent  leads  are  needed  to  eonnect  electrically  the  superconducting  stator  with  the  external 
environment.  Conventional  leads  consists  of  two  elements,  one  at  higher  temperatures,  going  all  ihe 
way  to  room  temperatures,  and  a  lower  temperature  section,  going  to  the  superconductor  temperature 


Lower  Temperature  Lead  Section 

e  lower  temperature  leads  are  made  from  superconductor,  to  minimize  the  cryogenic  load.  There  ire 
^eral  manufacturers  of  these  leads.  For  illustrative  purposes,  we  highlight  leads  from  HTS-1 10.  The 
rformance  of  the  current  leads  is  shown  in  Table  9.2.  These  leads  are  superconducting,  with  very 
all  thermal  dissipation  in  the  lead,  but  with  limited  remaining  thermal  conduction.  There  may  be 
ter  leads  using  different  superconductor  (for  example,  using  YBCO  tapes  from  Superpower  that  do 
have  copper  coating),  these  numbers  are  conservative.  Our  experience  with  the  later  tapes  pro\  ed 
be  very  difficult,  and  the  tapes  were  easily  damaged  even  with  careful  handling. 
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Table  9.2.  Superconducting  leads  specs 
Standard  current  lead  details  are  shown  as  follows; 


Product 

Body  Diameter 

A 

inches  mm 

Dimension 

B 

inches  mm 

Operating  Current  64 K 

Conductive  Heat 
Leak  at  64K-4.2K 
(per  pair) 

CS010030 

0.375 

9.53 

.13 

3.30 

100A 

32mW 

CS025030 

0.438 

11.13 

.25 

6.35 

250A 

90mW 

CS050030 

0.563 

14.30 

.25 

6.35 

500A 

130mW 

CS1 00030 

0.750 

19.05 

.375 

9.53 

1000A 

250mW 

CS200030 

1.00 

25.4 

.438 

11.13 

2000A 

450mW 
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Folr  higher  currents,  multiple  current  leads  would  be  required.  Higher  current  operation  can  be 
managed  safely  if  each  current  lead  has  an  associated  high-temperature  lead  section,  which  would 
assure  even  distribution  of  the  currents  through  the  superconducting  current  leads. 

In  general,  it  can  be  assumed  that  the  heat  leak  per  pair  is  about  0.25  W/kA. 


GH  Temperature  Lead  Section 

e  lead  from  the  warm  side  of  the  superconductor  to  room  temperature  is  made  from  resist 
Aterials.  At  MIT  we  have  spend  substantial  effort  to  develop  concepts  for  decreasing  the  pov^i 
quirement  for  the  high  temperature  leads,  which  are  responsible  for  almost  all  of  the  cryogenic  loin 
the  intermediate  temperature.  [Bromberg,  Good]  The  conventional  upper  temperature  stage  cum 
d  does  not  use  an  intermediate  stage  to  intercept  the  heat  coming  the  room  temperature.  The  cumi 
d  can  be  optimized  in  order  to  minimize  the  cryogenic  loads,  which  consists  of  both  themjii 
hduction  along  the  lead,  as  well  as  joule  dissipation  along  the  lead.  To  minimize  thenui 
induction,  the  cross  section  of  the  lead  needs  to  be  decreased,  while  to  minimize  Joule  dissipation, 
ss  section  should  be  increased.  As  a  consequence,  there  is  a  set  of  parameters  where  the  heat  Icj 
the  cryogenic  environment  is  minimized.  The  relevant  optimization  parameter,  for  each  element, 
where  I  is  the  operating  cument,  L  is  the  length,  and  A  is  the  cross  sectional  area  (for  constki 
cruss  section  along  the  length).  The  heat  load  is  insensitivity  to  the  choice  of  materials,  and  it  depein 
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the  upper  and  lower  temperature  of  operation, 
able  9.3  shows  the  parameters  for  the  optimized  current  leads,  when  the  temperature  range  of  ihe 
rrent  lead  is  between  300  K  and  77  K.  For  a  pair  of  current  leads,  the  minimum  cryogenic  load  is  80 
^kA.  Also  indicated  in  Table  9.3  is  the  heat  load  in  the  case  when  the  current  lead  is  not  energi2:ed 
this  case,  the  cryogenic  load  is  due  to  thermal  conduction,  no  joule  heat  dissipation).  The  cryogenic 
d  is  reduced  in  the  no-current  case  to  about  50  W/kA. 


Table  9.3.  Characteristics  of  optimized  current  lead  (copper) 


in  the  case  of  single  stage  (per  lead) 


Q  dot/I 

W/A 

0.039 

lUA 

A/m 

2.18E+06 

Q_dot/l  no  Current 

W/A 

0.024 

P  e/I 

W/A 

1.278 
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is  possible  to  decrease  the  heat  load  due  to  the  leads  by  intercepting  the  thermal  load  at  higher 
mperature,  as  shown  in  Figure  9.4.  This  solution  requires  the  complication  of  an  additional 
ocooler  at  higher  temperature.  Table  9.4  shows  the  results  of  the  optimization  in  the  case  of  two 
ges,  as  a  function  of  the  temperature  in  the  intermediate  stage.  Two  sets  of  numbers  are  provided, 
the  upper  and  lower  temperature  stations.  Also  indicated  is  the  electrical  power  requirement,  for  a 
%  Carnot  efficient.  When  comparing  Table  9.4  with  Table  9.3,  we  conclude  that  the  electrieal 
jwer  requirement  can  be  decreased  by  about  a  factor  of  1/3.  When  including  actual  Carnot  efficier  cy 
the  different  temperatures,  it  is  likely  to  be  closer  to  about  1/2.  Substantial  saving  in  pov^er 
ijisumption  could  be  achieved,  at  the  expense  of  increased  complexity  of  the  current  leads. 
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Figure  9.4.  Two  stage  current  lead 


Table  9.4.  Characteristics  of  optimized  current  lead  (copper)  in  the  case  of  two  temperature  stages 


Intermediate  temperature 

(K) 

140 

145 

150 

155 

Upper  stage 

Q_dot/l 

W/A 

0.036 

0.035 

0.035 

0.035 

lUA 

A/m 

1.68E+06 

1.65E+06 

1.62E+06 

1.59E+06 

Q_dot/l  no  Current 

W/A 

0.020 

0.020 

0.020 

0.019 

Lower  Stage 

Q_dot/l 

W/A 

0.015 

0.016 

0.017 

0.018 

lUA 

A/m 

1.85E+06 

1.85E+06 

1.85E+06 

1.85E+06 

Q_dot/l  no  Current 

W/A 

0.010 

0.011 

0.011 

0.012 

P  e/I 

W/A 

0.869 

0.867 

0.867 

0.868 

W ;  have  studied  a  number  of  stages  higher  than  2,  and  concluded  that  the  reduction  in  heat  load 
reduced  returns  and  not  worth  the  increased  additional  complexity. 

9. 5.4  Radiation. 

In  order  to  minimize  radiation  transport  in  cryogenic  environments,  a  thermal  shield  is  conventionally 
used  to  intercept  the  radiation  of  the  high  temperature  (room  temperature)  to  the  low  temperature  (4 
K).  The  radiation  from  the  high  temperature  is  usually  intercepted  at  the  same  temperature  as  ihe 
lo^ver  temperature  of  the  normal  current  leads,  around  60-80  K. 

It  is  assumed  that  there  is  a  65  K  shield  around  the  superconductor.  65  K  is  chosen  as  a  convenient 
station  for  the  first  stage  of  the  cryocooler.  The  radiation  is  small  when  appropriately  designed  (with 
the  use  of  a  thermal  shield).  The  radiation  to  the  high  temperature  is  also  decreased  by  the  use  of 
multiple  thermal  barriers  that  intercept  the  heat  from  the  higher  temperature  and  radiate  to  the  lov^er 
temperature.  The  thermal  barrier  is  conventionally  made  from  multiple  layers  of  insulation  (MLI), 
foim  from  multiple  layers  of  a  thin  organic  film  (kapton)  that  is  coated  with  a  thin  aluminum  layer.  It 
is  usually  placed  between  the  room  temperature  wall  of  the  cryostat  and  the  thermal  shield. 


Table  9.5 


Typical  Values  of  Radiatiw  Heat  Flux 


Matrnai 

7  --  T.  ; 

ii<] 

fr 

Qr 

(iiiVV.'ur’l 

Copper  1 

as  receive<]  i 

20  --  1 

0.03 

0-3 

?S0  —  4 

0,(K> 

140 

300  —  80  _ 

0.12 

35,000 

iiiL'clictnicaily 

20  —  4 

0.01 

0.1 

polished 

80  ^  1 

0.02 

1 

4C 

3(1(1  -  80 

O.Oh 

27,000 

Stainless  steel 

as  retT'ived 

f 

1  I 

o 

1 

0.06  ' 

0.34 

80  -  4 

0.12  ' 
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300  -  -  80 

0.34  ; 

153,000 

inechajiically 

20  --  4 

0.04 

0.4 

polislifd 

80  -  4 

0.07 

162 

300  -  so 

0.12 

j  53.000 

elect  ropoUshed 

20—  1 

0.03 

1  0.3 

MJ  —  4 

'  0.06 

1 10 

300  --  so 

1  0.10 

•16.01  N) 

'  Ahiinitiuin 

L-  ■  1 

1 

1 

1 
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0.0 1 
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1  i 
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0.49 
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Table  9.5  [Iwasa]  shows  the  numbers  for  the  radiation  across  several  temperatures  spans  and  wlith 
different  material  finishes.  The  radiation  is  a  relatively  small.  In  the  estimates  with  have  included 
penetrations  required  for  support  and  current  leads. 


9.5.5  Convection  in  the  Cryostat. 

There  is  a  vacuum  in  the  cryogenic  environment,  in  order  to  minimize  the  thermal  load  due 
coavection/thermal  conduction  from  the  warm  cryostat  boundary  to  the  cold  regions.  However,  e\ 
under  vacuum  condition,  there  is  thermal  transfer  between  the  two  surface,  due  to  presence  of  residu; 

bar.  T 

ogenic  load  is  a  function  of  the  pressure  and  the  area  exposed  to  the  gas.  Table  9.6,  from  Iwas 
kvides  a  summary  of  the  heat  loads  for  several  gases  (helium,  hydrogen)  for  different  temperatui 
ges  for  a  pressure  of  10'^  Torr.  We  are  concerned  about  heat  load  from  room  temperature  to 
t  shield  (at  around  65  K)  and  between  the  heat  shield  and  the  superconductor  (at  4  K).  For 
isent  estimates,  we  use  the  information  from  80  K  to  estimate  the  cryogenic  heat  load. 
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6  Refrigerator 

ere  is  a  wide  spread  in  types  of  cryocoolers.  As  the  capaeity  of  the  eryoeoolers  increases, 
vices  get  more  efficient  and  the  cost  per  cooling  watt  decrease.  Although  we  have  some  numbes 
ual  devices,  we  will  use  first  projection  costs,  and  then  give  a  couple  of  commercially  availa]? 
vices  that  could  be  used  for  the  stator  application.  More  detailed  costs  will  be  provided  as 
ncept  matures  (i.e.,  we  select  a  current),  as  the  cryogenic  load  is  a  strong  function  (linear)  with 
rrent. 
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Figure  9.5.  Coefficient  of  performance  (COP)  as  a  function  of  operating  temperature  for  several 
cooling  capacities. 
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^ure  9.5  shows  a  diagram  indicating  the  electrical  power  requirement,  as  a  function  of  temperature, 
several  cooling  power  [Iwasa].  For  example,  to  remove  600  W  at  20  K  requires  approximately  60 
of  electrical  power  (a  COP,  or  coefficient  of  performance,  of  about  5000).  Similarly,  to  remove 
p  W  at  65  K  about  25  kW  are  needed  (with  a  COP  of  30).  The  actual  number  depends  on  the  device 
osen. 

igher  costs  are  associated  with  higher  efficiencies,  and  also  there  is  the  issue  of  maintenance.  In 
order  to  provide  some  redundancy,  it  is  best  to  have  two  machines  with  limited  excess  capacity, 
allowing  for  repair  on  one  machine  while  the  other  one  works  harder.  Actually,  for  N+1  redundancy, 
refrigerators  would  be  ideal,  with  two  refrigerators  needed  for  stator  operation.  Alternatively,  it  is 


possible  to  use  thermal  energy  storage  for  provided  limited  eooling  while  a  single  machine  is  being 
re])aired.  At  MIT  we  have  developed  concepts  for  storing  thermal  cooling  “capacity”  that  can  be  usdd 
at  the  intermediate  temperatures. 

Fij^ure  9.6  shows  an  alternative  summary  of  a  wide  range  of  refrigerators.  There  is  a  wide  spread,  bilt 
clearly  the  fraction  of  Carnot  increases  with  refrigerator  capacity.  Thus,  it  may  be  more  efficient  to  use 
a  single  refrigerator,  rather  than  depend  on  multiple  smaller  units. 


Figure  9.6.  Modified  Strobridge  plot  showing  80K  refrigerators  [Brake] 


1000 


W'OO 

8 

‘E 

3 

J>  10 

O) 

c 

‘35 


1 

0.01  0.1  1  10  100 

Pin  (kW) 


Q 

10K:  PTiLF) 

A 

20K;  3types 

A 

40K,  PT(LF)  ♦  StirtWQ 

o 

80K;  GM 

A 

aOK.  Sbriing 

m 

OOK;  PT(LF) 

O 

80K:  PTiMF) 

o 

OOKitfvonto 

•- 

’•  trend  (or  P»n  >  400  W 

o 

4K:  PT<LF) 

t 


Figure  9.7.  Single-unit  cost  versus  input  power.  Dotted  line  shows  the  trend  for  Pin  >  400  W  [Brake] 


The  costs  for  a  range  of  cryocoolers,  as  a  function  of  the  input  power,  are  shown  in  Figure  9.7,  for 
units  operating  over  a  wide  range  of  temperatures.  For  input  powers  >  400  W,  there  is  a  relatividy 
good  fit  for  the  cost  of  the  units,  given  by: 


Cost  (k$)=  lO.SPi 


0.79 


where  the  power  is  in  kW  (the  power  is  the  electrical  power  needed  to  drive  the  compressor,  not  ihe 


cryogenic  load).  We  have  used  this  costing  from  this  fit  to  estimate  the  costs  presented  in  Table  9.1, 
when  combined  with  the  COP  shown  in  Figure  9.7. 


9.7  Specific  Cryocoolers 

W;  have  checked  with  several  suppliers  about  the  costs  and  performance  of  cryocoolers.  We  hdve 
hem  investigating  D-H-Industries  Stirling  machines  [Stirling],  and  in  particular,  the  GPC-4  unit.  It  has 
a  maintenance  interval  of  6000  hours  (about  250  days).  It  is  shown  in  Figure  9.8. 


Fi 


^ure  9.8  Illustration  of  the  SPC-4C  unit,  with  a  footprint  of  about  1.3  m^  and  a  height  of  1.2  m 


Th  e  cooling  capacity  as  a  function  of  temperature  is  shown  in  Figure  9.9.  Two  machines  are  needed  in 
order  to  provide  the  required  cooling,  with  a  total  footprint  of  about  2.5  m  .  The  cost  of  each  machines 
is  about  200k$,  higher  than  that  shown  in  Table  9.1.  The  reason  for  the  larger  costs  is,  first,  the  pov^er 
is  smaller  (larger  units  are  cheaper  for  the  same  overall  cooling  capacity),  and  the  units  include  a  hpat 
exchanger  and  a  fan,  for  circulating  the  high  pressure  helium  gas. 

The  Stirling  machine  is  water  cooled.  There  are  options  for  air  cooling,  but  the  cost  of  the  u|nit 
increases. 


1 


Figure  9.9  Cooling  capacity  of  the  SPC-4T  Stirling  refrigerator  from  Stirling  Cryogenics 

Th  e  cooling  capacity  of  the  machine  is  shown  in  Figure  9.9.  It  can  remove  300  W  at  20  K,  and  about 
300  W  at  70  K. 


9.8  Development  of  ship-cryogenic  system. 

The  Navy  and  NASA  are  sponsoring  the  development  of  machines  that  are  more  suitable  for  th 
plications  that  other  commercial  machines.  In  particular,  the  reverse  turbo-Brayton  cycle  is  ideal 
ted  for  this  application.  With  lightweight,  compact  footprint  due  to  the  high  frequency  of  operatio 
with  high  efficiencies,  this  technology  could  substantially  impact  the  development  of  machiiK 
superconducting  stators. 
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hnical  Reports 

• 

Coi 

itributed  Presentations 

•  Cooling  topology  options  for  HTS  rotating  electric  machinery,  Leslie  Bromberg,  E.  Chen,  P.C.  Michael,  S.  Hahn,  J.P. 
Voccio  and  H.  Karmaker,  presented  at  the  2015  CEC  Conference,  Tucson  AZ  (July  2015) 

•  Solid-cryogen-stabilized,  cable-in-conduit  superconductor  cables,  J.P.  Voccio,  L.  Bromberg,  P.C.  Michael  and  S.  Hahn, 
presented  at  the  2015  CEC  Conference,  Tucson  AZ  (July  2015) 

•  Non-contact,  high-torque  magnetic  coupler  for  superconducting  rotating  machines,  P.C.  Michael,  S.  Hensley,  C.  Galee 
and  L.  Bromberg,  to  be  presented  at  2015  MT  Technology  South  Korea 

•  Feasibility  Study  of  High-Speed  Direct  Drive  Superconducting  Machines  in  Air  Separation  Unit,  E.  Chen,  P.Guedes-Pint 
H.  Karmaker,  J.  Voccio2,  S.  Hahn,  L.  Bromberg,  P.  Michael  presented  at  2015  MT  Technology  South  Korea 

0, 

Pal 

ents 

•  Frequency  domain  and  time  domain  quench  sensors  for  coated  conductors,  L.  Bromberg,  P.  Michael  and  R.  Parker,  M 

(2015  patent  disclosure) 

IT 

Ho 

lors 

• 

Repted  Sponsored  Work 

Conceptual  Design  of  an  Uninterruptible  Power  System  Using  Superconducting  Magnetic  Energy  Storage  (SMES): 
Conceptual  Design  and  Analysis,  sponsored  by  PoleMechatec 

Ironless  cyclotron  for  variable  energy  proton  beam  therapy,  DOE  High  Energy  Physics  (coil  performs  as  a  30  MJ,  1  M\|V 
SMES): 

No-insulation  winding  (can  be  used  for  rotor;  funded  by  wealthy  alumni) 

Partially-slit  tapes  (DOE  OFES;  concept  can  be  used  for  making  field-trapped  rotors  for  motors  and  generators) 


OI\(R  Statistics 

rad  Students(total):  0 

PI/Co-PI  Women:  0 

PI/Co-PI  Minority:  0 

rad  Students  Women:  0 

rad  Students  Minority:  0 

ost  Docs  Students:  0 

ost  Doc  Women:  0 

ost  Doc  Minority:  0 

Under  Grad  Students(total:  5 

Under  Grad  Students  Women:  2 

Under  Grad  Students  Minority:  0 

degrees  Granted:  0 

Invention  disclosures  citing  ONR  support:  1 

jther  funding  sources:  0 


